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Abstract 
For the past two decades, flow cytometry has been widely used as a powerful analysis tool for the 
diagnosis of many diseases due to its ability to count, characterize and sort cells. However, 
conventional flow cytometers are often bulky, expensive and complicated because sophisticated 
fluidic, electronic and optical systems are required to realize the functions of flow cytometry. The 
high cost and the complexity in operation and maintenance associated with flow cytometers as well as 
the large size have limited its use. In recent years, the rapid development of microfluidics-based lab-
on-a-chip technology has created a new pathway for flow cytometry. Microfluidic devices allow for 
the integration of multiple liquid handling processes required in the diagnostic assays, such as 
pumping, metering, sampling, dispensing, sequential loading and washing. These lab-on-a-chip 
solutions have been recognized as an opportunity to bring portable, accurate and sensitive diagnostic 
tests to the flow cytometry.  
However, most current microfluidic flow cytometry devices are micro- only in the microfluidic chip, 
the rest of most apparatuses are still large and costly, usually involving tubes, microscopes, lasers and 
mechanical pumps. Therefore, the objective of this study is to develop a novel lab-on-a-chip system 
based on the electrokinetically-induced pressure-driven flow and dual-wavelength fluorescent 
detection, which lights a promising pathway for making a real portable, compact, low-cost 
microfluidic flow cytometry device. In this study, the core of this microfluidic system is the custom-
designed PDMS (polydimethylsiloxane) microchip. A novel method was applied to generate the 
electrokinetically-induced pressure-driven flow in a T-shaped microchannel using parameters settings 
that had been optimized by numerical study. This method combined both the electrokinetic pumping 
force and the pressure pumping force to eliminate their shortcomings associated with the use of each 
force alone. This is the fundamental of my study. By using this microchip, the size of the fluidic 
control subsystem is reduced significantly. Furthermore, the dual-wavelength fluorescent detection 
strategy is proposed in this thesis. On the optical detection side, excitation lights of two different 
wavelengths are provided by a single LED (light-emitting diode) from one side of the microchannel. 
Then the two emission lights are captured individually by two photo-detectors placed on the top and 
the bottom of the microchip. Compared with other microfluidic detection devices reported in the 
literatures that use lasers or PMTs (Photomultiplier tubes), this design allows for a significant 
reduction of 90% in the volume and cost. As another important part of my thesis research, a novel 
flow focusing method that allows the hydrodynamic focusing in a T-shaped microchannel with two 
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sheath flows is developed. This method solves the biggest obstacle which exists in current 
microfluidic flow cytometry devices. In this method, no external pumps, valves and tubing are 
involved in the system.  
Although substantial progress has been made in current microfluidic flow cytometry, there is still a 
need for a low-cost, compact, portable microfluidic devices, especially in low-resource settings as 
well as the developing world for POC (point-of-care) diagnosis and analysis. This thesis work has 
made a great achievement towards the final goal. 
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Chapter 1 
Introduction 
1.1 Background 
Flow cytometry is an analysis tool that has been developed for more than 40 years. It is widely 
employed for the diagnosis of many diseases because of its capabilities of counting, characterizing, 
and sorting cells.1-4 Recently, on-site detection of different diseases from human cells such as 
leukocytes or cancer cells has become highly desirable, particularly in resource-limited settings, 
because of increasing demands for early diagnostics and rapid testing results. However, most flow 
cytometry tests are performed at hospitals, medical laboratories or outpatient clinics. In developing 
countries and some low-resource settings, the long testing time, the high cost and the large sample 
consumption are not desirable. The high cost, the large size, and the complexity in operation and 
maintenance limit the application of flow cytometers.5-7  
POC (point-of-care) device should be able to analyze small volumes of body fluids such as blood, 
saliva and urine, and minimize the number of assay steps, such as sample preparation and washing 
processes. The cost of POC diagnosis device should be low. In addition, its applications in the 
resource-limited settings such as insufficient water, high or low temperatures, humidity and poor 
power supply should also be considered. In order to overcome these weaknesses, it is highly desirable 
to develop portable, low-cost flow cytometry devices.  
In recent years, the rapid development of microfluidic and lab-on-a-chip technology has created a 
pathway for creating portable flow cytometers for the point-of-care diagnostics8-11 in low-resource 
settings. Microfluidic devices allow for the integration of multiple liquid handling processes required 
in diagnostic assays, such as pumping, metering, sampling, dispensing, and sequential loading and 
washing. These lab-on-a-chip solutions have been recognized as an opportunity to bring portable, 
accurate and sensitive diagnostic tests to conventional flow cytometers in low-resource settings as 
well as in the developing world. It provides a very promising way to miniaturize the size with added 
benefits such as portability, improved reaction kinetics, minimal reagent consumption, automation 
and parallel processing.12-14 In order to obtain quantitative results, the microfluidic chips can be 
combined with optical, electrical, and mechanical sensors in an integrative format. Generally, the 
detection system in the flow cytometer must be small in size and have high sensitivity and response 
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time. For the past two decades, a handful of research teams around the world have involved in the 
research of the microfluidic flow cytometry devices.15-18 However, most current proposed microfluidic 
flow cytometry devices are micro- only in the microfluidic chip. The rest of most apparatuses such as 
pumps, valves and tubing s are still bulky and expensive, which is very difficult to integrate into the 
system.  
1.2 Research objectives 
In order to overcome the shortcomings of current flow cytometry devices, the major objective of this 
thesis is to develop a novel lab-on-a-chip system based on electrokinetically-induced pressure-driven 
flow and dual-wavelength fluorescent detection, which will light a promising pathway to make a real 
portable, compact, low-cost microfluidic flow cytometry device. Compared to other devices, this 
proposed microfluidic system can significantly reduce the size, the assay consumption and the cost 
while maintain a comparable detection sensitivity. Most importantly, the external mechanical pumps, 
valves and tubing need to be eliminated. The efforts made in this thesis should address the biggest 
difficulty which prevents it from developing a real portable, low-cost flow cytometry device. 
1.3 Outline of thesis 
The complete thesis comprises the following major sections: 
Chapter 1 serves as an introduction to this thesis. The background, objectives and the scope of the 
thesis are also given in this chapter. 
Chapter 2 reviews commercial benchtop flow cytometers and current microfluidic flow cytometers. A 
comprehensive understanding on the pros and cons of current microfluidic device set-ups including 
the flow control system and the flow focusing system helps us to improve the functionality of the 
proposed design. Furthermore, this review examines the status and the major development of 
detection methods that can be applied in the microfluidic device, especially the optical detection 
method for the microfluidic flow cytometry. 
Chapter 3 introduces a novel approach for generating a continuous pressure-driven flow and 
transporting the particles or biological cells in the T-shaped microchannel by using the 
electrokinetically-induced pressure-driven flow. Thus, the shortcoming associated with the 
electrokinetic force and the pressure pumping force when employed individually is avoided. This is 
the fundament of this study. 
 3 
Chapter 4 presents a fluorescence-activated particle counting system based on electrokinetically-
induced pressure-driven flow and a miniaturized dual-wavelength fluorescent detection method. This 
design of the two-wavelength fluorescent detection system leads to a significant reduction in volume 
and cost, compared with other microfluidic fluorescent detection devices reported in literature.  
Chapter 5 describes a novel flow focusing method that allows hydrodynamic focusing in a T-shaped 
microchannel with two sheath flows. Sample stream and sheath flows flowing through the T-shaped 
microchannel are generated by electrokinetically-induced pressure-driven flow. Compared to other 
flow focusing methods, this novel approach decreases the number of required components such as air 
pump or syringe pump. It reduces the complexity of fabrication for hydrodynamic focusing, and 
enables an easy integration with other microfluidic components. 
Chapter 6 summarizes the major findings and contribution of this work. Recommendations for future 
projects are briefly outlined. 
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Chapter 2 
Literature Review 
2.1 Introduction 
In this chapter, first, it is worth looking into the principle of commercial benchtop flow cytometers 
and current microfluidic flow cytometry devices. A comprehensive understanding on the pros and 
cons of current microfluidic device set-ups including the flow control system and the flow focusing 
system helps me to improve the functionality of the proposed design. Furthermore, this review 
examines the status and the major development of detection methods that can be applied in the 
microfluidic device, especially the optical detection method for the microfluidic flow cytometry. 
2.2 Flow cytometry 
2.2.1 The principle of the commercial flow cytometer 
Flow cytometer is a bio-analysis tool that is widely applied to diagnosis and treatment of many 
human diseases due to its ability to count, characterize and sort particles or cells. By using flow 
cytometers, medical practitioners can obtain abundant information on both biological and physical 
properties of interested human samples such as different types of cells, bacteria and virus. Moreover, 
flow cytometer can supply a non-destructive and highly quantitative approach. Therefore, flow 
cytometer is commonly used for the analysis of cellular antigens, studies of different cellular 
parameters, cell biology, cell cycle analysis etc. in various research fields.19-23  
Generally, the flow cytometer implements the analysis by passing thousands of cells per second 
through a laser beam and capturing the light from each cell when it passes. The light signals are 
collected by the sensor and converted into electrical signals. Then, the data is logged into the 
computer and analyzed by the flow cytometry software. 
A traditional flow cytometry system has three main units: the sample injection and fluidic system, 
which conducts samples to the detection zone and takes away the waste samples; the optical detection 
system, which is used to excite and collect the lights; and the computer analysis system, which 
convert the signals from the detectors into the digital data and perform the analyses. Figure 2-1 shows 
the main principle of a commercial flow cytometer. One of the basic principles of flow cytometry is 
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the ability to analyze individual particles. It is well known that when the particles or cells are injected 
into a flow cytometer, the particles/cells are randomly dispersed throughout the suspending medium. 
For accurate data collection, it is important that particles or cells are passed through the laser beam 
one at a time. This function is realized by using the hydrodynamic focusing method. Figure 2-1 shows 
that the sample is injected into a narrowing core channel under pressure. An outer sheath fluidic 
system surrounds this core channel. Two sheath flows which flow faster than the injected sample flow 
are generated under lower pressure. Sheath flows can produce a great drag effect on the core channel. 
This drag force can compress the sample stream to a single file according to the size of the particles 
or cells.  
 
Figure 2-1 A simplified schematic diagram of a typical flow cytometer (Used with permission by Life 
Technologies Corporation).  
Optical detection unit consists of a light source, lenses, dichroic mirrors, filters and photo detectors. 
The light source is typically a laser. Air-cooled gas lasers have been integrated into flow cytometers 
for years. The argon-ion and He–Ne (helium–neon) lasers are the most prominent examples. Lenses 
and filters which are placed in front of the detectors are used to gather and direct the emission lights 
 6 
from the particle/cell. The cell samples are introduced into the injection unit hydrodynamically and 
focused by two sheath flows which are used to ensure that the cells can travel in the fluidic channel 
one by one. When cells reach the interrogation zone, cells are detected individually by the focused 
light beam which is passing through the channel perpendicularly.  In a typical flow cytometer, the 
scattered light and fluorescent light are recorded. In most cytometers, an obscuration bar is placed in 
front of the forward detector. The obscuration bar prevents any of the intense laser light from 
reaching the detector. As a cell crosses the laser, light is scattered around the obscuration bar and is 
collected by the detector. The magnitude of forward scatter is roughly proportional to the size of the 
particle/cell. The fluorescent lights are emitted from the labeled particle/cell. These lights pass 
through a lens system which consists of dichroic mirrors and filters and are divided into different 
wavelength ranges. The different wavelengths of light are captured by a series of appropriate 
detectors. The most commonly used photo detector in conventional flow cytometers is the PMTs 
(photomultiplier tubes). PMTs are highly sensitive to weaker signals generated by fluorescence. 
However, PMTs are relatively large (hand size) because of their vacuum tube structure.  
Nearly two decades, benefitting from the development of new hardware and software, modern flow 
cytometers have been developed for fast and accurate cell processing and analysis.23 However, there 
still exists many shortcomings which prevent the further development of flow cytometers. For 
example, to realize the multifunctional applications, two and more lasers, lenses, filters and 
photodetectors must be added into the system.24-26 To operate commercial flow cytometers, highly 
trained personnel are generally required as well as bulky and costly equipment.  These factors are the 
key reasons that most commercial flow cytometers are still of large size, not portable and complex. 
All of these limit its use for POC (point-of-care) applications. 
2.2.2 Microfluidic flow cytometry 
In order to overcome the weaknesses of conventional flow cytometers, researches and scientists 
introduce the concept of microfluidics to the flow cytometry. It is called ‘microfluidic flow 
cytometry’. In recent years, the rapid development of microfluidics based on lab-on-a-chip 
technology has created a new pathway for the POC flow cytometry. Microfluidic flow cytometry 
system allow the integration of multiple liquid handling processes required in diagnostic assays, such 
as pumping, metering, sampling, dispensing, and sequential loading and washing. These lab-on-a-
chip solutions have been recognized as an opportunity to bring portable, accurate and sensitive 
diagnostic tests to POC diagnostics27-30 in low-resource settings as well as in the developing world. 
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Furthermore, it provides a very promising way to miniaturize conventional flow cytometers with 
added benefits such as portability, improved reaction kinetics, minimal reagent consumption, 
automation and parallel processing.31-33  
Similar to the conventional flow cytometry, typical microfluidic flow cytometry devices are also 
composed of three major subsystems: the fluidic control and focusing subsystem, the optical detection 
subsystem and the analysis subsystem. The fluidic control and focusing subsystem is realized by 
applying a microfluidic chip which is usually fabricated by the lithography/soft-lithography 
technology. By applying a pumping force, the sample can be easily driven in the microchannels. Due 
to the extremely small size of the microfluidic chip, microfluidic flow cytometer can operate with 
small sample and reagent volumes, thus reducing the cost greatly. A mass-product chip would be 
more easily accepted by research laboratories and medical clinics. Unlike the bulky optical detection 
unit in conventional flow cytometers, microfluidic flow cytometry devices utilize an integrated 
optical detection component for the illumination of samples and collection of emitted light. This can 
dramatically decrease the service and maintenance requirements. With the development of computer 
science and microelectronics, the analysis can be easily miniaturized and integrated into the 
microfluidic flow cytometry devices. For the past two decades, a handful of research teams around 
the world have been involved in the research of microfluidic flow cytometry devices.  
2.2.2.1 Fluidic control subsystem 
The fluidic control system of a flow cytometer is used to introduce a randomly distributed solution of 
cells. This is a key part which determines the portability of flow cytometry devices. To design the 
fluidic control system, the fluid pumping force must be carefully chosen. Different pumping forces 
require the different control system structures and sizes. Most microfluidic flow cytometers utilize a 
pressure-driven pumping method34-35 such as a syringe pump or a piezoelectric pump. Figure 2-2 lists 
several representative pumping forces which can be applied on the microfluidic chip. Figure 2-2 (A) 
demonstrates the capillary pumping force.36-38 Due to the surface tension of the fluid, the sample 
solution is driven along the microchannel wall. This phenomenon can be easily utilized in a 
microfluidic chip to create a capillary pump force for driving the liquid. However, this kind of fluid 
control is rarely used in microfluidic flow cytometers due to the low flow rate and the 
uncontrollability in a given experiment. Higher flow rates can be achieved through manual 
compression of the liquid reservoir (Figure 2-2 (B)). For example, after pressing the bellow, a 
pressure-driven flow is generated, which drives the liquid into the microfluidic channel. By using the 
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flexible material, the bellow can be integrated into the microchip. This method can generate high flow 
rate which depends on the manual compression force, however, it still cannot be controlled. In Figure 
2-2 (C), the high-speed rotation on a compact disk generates a strong centrifugal force which can be 
utilized as a microfluidic pumping force. In recent years, the microfluidic CD (compact disk) has 
become a promising platform for POC applications.39-40  However, generating centrifugal force 
requires precise design and control, and also requires an external spinner for centrifugal separation. 
Figure 2-2 (D) and (E) show two different types of the peristaltic pumping force.41-42 No matter which 
type of peristaltic pumping force is chosen, an external device must be added. For example, in Figure 
2-2 (E), air pressure is sequentially applied into air channels which are perpendicular to a liquid-filled 
sample channel to push the liquid flowing along the channel. To generate the air pressure, an air 
pump must be connected to the air channels. Another big problem with the peristaltic pumping force 
is that the flow in the channel is pulse flow which depends on the pushing frequency. 
Without exception, in conventional flow cytometers, a pressure pumping force is the best option 
because it can be easily generated by an air pump. In this way, a high level of control can be achieved 
and relatively large volumes can be rapidly processed, even in narrow channels with high resistance. 
The flow rate can be controlled by adjusting the pressure difference between the entrance and the exit 
at any desired speed. The highlight of using a pressure pumping force is that it is a non-destruct 
approach for cell detection. The properties of the sample will not be changed under the pressure 
pumping force. Practically, in many microfluidic flow cytometers, a syringe pump (Figure 2-2 (F)) is 
utilized to generate a pressure-driven flow.43-45 Fluid is driven in the microchannels by mechanically 
pushing the plunger of a standard laboratory syringe. However, to generate a pressure pumping force, 
bulky pumps, tubing and valves are often needed which are difficult to integrate into microfluidic 
flow cytometers. Moreover, pipes and valves are required between the microfluidic chip and the 
pump, resulting in sealing and operating difficulties.  Furthermore, the need of this external 
equipment will significantly increase the volume of the cell samples. 
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Figure 2-2 Microfluidic pumping force for fluid control system. (A) Capillary pump. (B) Manual 
compression. (C) Centrifugal force. (D & E) Peristaltic pumps. (F) Syringe pump. (G) Electro-
osmotic pump (Used under permission by Expert Reviews Ltd). 
Alternatively, an electro-osmotic pumping can be used in microfluidic cell cytometers (Figure 2 (G)). 
In a microchannel filled with an aqueous solution, the electrostatic charge on the solid surface will 
attract count-ions in the liquid to form an electric double layer. An externally applied electrical field 
will cause excess counter-ions in the electric double layer to move and consequently generate the 
liquid motion in the microchannel via viscous effect. This is called electroosmotic flow. It is well-
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known that the EOF (electro-osmotic flow) method can generate and control the flow in 
microchannels precisely. Electro-osmotic flow can be generated easily by a DC (direct current) 
potential difference between the inlet and outlet of a microfluidic channel. It does not require any 
mechanical parts and it allows an extremely constant flow rate to be established without any pulsing 
effects. Therefore, the use of an electro-osmotic pumping force can overcome the weaknesses 
associated with the pressure pumping force due to its ease of automation, integration and 
miniaturization.46-48 However, the electroosmotic pumping also has some disadvantages. For example, 
under the applied electric field, the properties of cells may be changed, or the cells may be killed. For 
example, the irregular motion of cells was observed and studied by Minerick et al..49 They found that 
the irregular motion of the cells was caused by a pH gradient between electrodes due to electrolysis 
reactions. The pH gradient changed local zeta potentials of both the PDMS (polydimethylsiloxane) 
channel and blood cells. Consequently, the local EOF velocity and the electrophoretic velocity of 
blood cells were altered. Furthermore, a strong electric field can destroy the cell membrane.50 Another 
concern is that the fluorescent dye may be affected under an electric field for a sufficiently long time. 
2.2.2.2 Focusing subsystem 
Conventional flow cytometers use a precise flow cell which allow for hydrodynamic flow focusing. 
Two sheath flows flow faster than the injected sample flow are generated under lower pressure. 
Sheath flows can produce a huge drag effect on the core channel. This drag effect can compress the 
sample stream to a single file according to the size of the particle or cell. Thus, the sample 
particle/cell can pass through the detection zone one by one, which can decrease the detection error 
greatly. However, conventional flow cytometer need large amounts of sheath flow reagent. A major 
goal driving the development of microfluidic flow cytometer is to reduce the size of the device and 
the amount of the sample reagent and the sheath fluid. To achieve the goal, new concepts must be 
done to implement the flow focusing on the microfluidic chip. In recent years, many methods have 
been proposed to achieve the flow focusing to align the particles in microfluidic channel. 
Among the flow focusing methods, sheath flow focusing still is the most common one that has been 
developed in the microfluidic flow cytometer. Recently, Ligler research group51-52 proposed a 3D 
(three-dimensional) sheath flow focusing method by using the grooved microchannels based on the 
chevron design. This method created a vertical focusing. The height and width of sample stream can 
be controlled by the chevrons and sheath-to sample flowrate ratio. Dean flow is a secondary 
transverse flow induced by centrifugal effects in a curved channel.53 Lee et al.54 reported a CEA 
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(contraction–expansion array) microchannel that allows three-dimensional hydrodynamic focusing 
with a single sheath flow in a single-layer device. Xuan and Li55 first investigated the electrokinetic 
focusing in microfluidic cross-channels. Compared to other focusing approaches, sheath flow 
focusing is mostly determined by the flow-rate ratio between the sheath fluid and the particle 
suspension and thus potentially able to focus very small particles. Moreover, both the location and the 
dimension of the focused particle stream are readily tunable, which can be achieved by adjusting the 
flow rate of each of the sheath fluids. However, the requirement of sheath flows complicates the 
device control, extends the size of the device and increases the device operation cost due to the 
consumption of sheath fluids. 
Sheathless flow focusing methods are proposed to overcome the weakness of the sheath flow 
focusing. Sheathless flow focusing typically depends on a force to operate the particles laterally to 
their equilibrium positions in the microchannel. Recently, Acoustic flow focusing has been developed 
due to the non-destructive method for cell detection. This method can yield the acoustic wave-
induced radiation pressure on particles. This pressure can force particles toward pressure equilibrium 
position depending on the density and compressibility of the particle and the medium. Shi et al.56 
introduced a novel on-chip focusing technique for focusing microparticles using SSAW (standing 
surface acoustic waves). Goddard et al.57 evaluated the performance of a flow cytometer that uses 
acoustic energy to focus particles to the center of a flow stream by using quantitative measurements 
of fluorescent microspheres and cells. Although this method is simple and efficient, it typically 
requires the transducer to be placed in close proximity to the microchannel. This complicates the 
device fabrication and affects its integration with other functional components into devices. Another 
approach uses the inertia of the fluid acting on particles in microchannel to enable precise cell 
positioning in the stream. Carlo et al.58 investigated the inertial focusing of particles in a straight 
microchannel. They observed that initially uniformly distributed 9 µm diameter beads were focused 
to four single streams in a square microchannel. Carlo et al.58 also studied particle inertial focusing in 
curved microchannels. Inertia-based particle focusing method is easy to realize and can offer a very 
high particle throughput. However, the inertial focusing depends on very high flow rate to generate 
the decent inertia motion in the microchannel. Moreover, the equilibrium positions of the focused 
particle streams are sensitive to the particle’s Reynolds number, the operation of such inertial particle 
focusing becomes complicated. DEP (dielectrophoresis) is another sheathless focusing approach 
which can be applied to the microfluidic flow cytometer. DEP is the translational motion of particles 
due to either induced or native electrical dipoles in an electric field gradient. Traditional 
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dielectrophoretic particle focusing methods are based on the non-uniform AC (alternating current) 
electric field between pairs of patterned microelectrodes inside microchannels. Recently, Chu et al.59 
presented a 3D particle focusing channel using the pDEP (positive dielectrophoresis) guided by a 
dielectric structure between two planar electrodes. Demierre et al.60 reported a microfluidic device 
based on a novel geometrical arrangement of lateral metal electrodes and a patterned insulator. They 
utilized the principle of “electrodeless” dielectrophoresis with multiple frequencies to achieve 
focusing and continuous separation. For electrode-based AC dielectrophoretic particle focusing, 
fabrication of microelectrodes still remains challenging. The focusing efficiency is sensitive to the 
dielectrophoretic force. For example, if the particles are away from the electrode surfaces, the 
dielectrophoretic force on the particles decays rapidly. Moreover, dielectrophoretic force may cause 
the adhesion of particles in the microchannel, which can influence the detection greatly. 
2.3 Detection methods for microfluidics 
For most analysis on a microfluidic chip, the detection depends on the use of an analytical reagent 
that is associated with a detectable label such as radioactive elements, enzymes, kinds of particles 
(latex, magnetic, gold and silver) and others61-67. According to the label used, detection methods can 
be classified as optical detection methods and non-optical detection methods on microfluidic chip. In 
the following, we will focus on the most common detection techniques used for microfluidics in 
recent years.  
2.3.1 Optical detection  
2.3.1.1 Fluorescence detection  
The most commonly observed form of optical detection is fluorescence, because of its high sensitivity 
and the ease of integrating a label. Fluorescence is the emission of certain wavelength of visible light 
from a substance by the absorption of an excitation light of different wavelength LIF (laser induced 
fluorescence) has a high sensitivity and fast response. Figure 2-3 shows the basic principle of the of 
laser induced fluorescence method. A microscope focuses on the microchannel and connectes to a 
CCD (charge coupled device) camera or photomultiplier tube. The excitation light is provided by a 
laser system. It passes through a beam splitter and is focused on the detection area. The fluorescence 
emission returns through the same beam splitter and is reflected towards the detection system. Jing 
Kong and Bingcheng Lin et al.68 reported an integrated microfluidic system combining with 
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microvalves and micro-pumps for the clenbuterol immunoassay via the LIF detection method. This 
system consists of an integrated microchip and a linear confocal LIF scanner. The microfluidic chip is 
composed of three layers: a fluidic channel layer, a PDMS membrane layer and a pneumatic control 
layer (Figure 2-4). It should be noted that all parts of the fluorescence setup such as the lens, the 
excitation source and detection device, can be miniaturized. The entire device can be made portable. 
Amy E. Herr and Anup K. Singh69-70 developed a portable device for detection of potential 
biomarkers of periodontal disease in saliva. The microfluidic chip was integrated with miniaturized 
electronics, optical elements (such as diode lasers), fluid-handling components, and data acquisition 
software (Figure 2-5).  
 
Figure 2-3 The schematic of the mcrofluidic measuring system with the laser induced fluorescence 
method. 
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Figure 2-4 (a) Layout of the integrated microfluidic device for clenbuterol immunoassay. (b) 
Photograph of the prototype microfluidic device. (c) Cross-sectional view of microvalves on chip. (d) 
Scheme of the optical configuration of the confocal LIF scanning system. (Source: Jing Kong and 
Bingcheng Lin et al. 2009)  
 
Figure 2-5 Image of IMPOD with hardware components. Inset shows glass microdevice used in 
performing immunoassays. (Source: Amy E. Herr and Anup K. Singh, 2007) 
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Another type of the fluorescence detection used in microfluidic applications is FP (fluorescence 
polarization) which detects the change in anisotropy caused by the slower rotation of a free label. FP 
gives a direct and nearly instantaneous measure of a tracer’s bound/free ratio, even in the presence of 
free tracer. Figure 2-6 illustrates the FP principle. A single-plane fluorescence polarization light can 
be generated by installing two polarizing filters in the light paths of both excitation and emission in a 
fluorescent system. The intensity of FP light is proportional to the size of the fluorescent molecules 
and inversely proportional to the rotating speed of the molecules. In the solution, the rotation of the 
small molecules is very rapid, but the larger molecules become slower. Therefore, the emission light 
of the fluorescent-labeled small molecules is depolarized when the molecules are excited. However, 
when the fluorescent-labeled small molecules are bound to the antigen/antibody, the emitted light of 
the conjugates is obviously less depolarized due to the larger mass. Difference between these states is 
dependent on the number of bound molecules and the binding constant or affinity constant.71  
 
Figure 2-6 a) Illustration of a fluorescence polarization apparatus. b) Principle of the assay of binding 
reaction using fluorescence polarization. (Source: K. Kakehi and Y. Oda et al., 2001) 
Vamsi K. Yadavalli and Michael V. Pishko72 demonstrated that fluorescence polarization can be used 
to reliably and accurately study binding events and detect analytes in microfluidic devices. A TRITC 
(tetramethylrhodamine isothiocyanate) labeled antibody was used to detect the polyaromatic 
hydrocarbon pyrene at 10-40 nmol. Tomoya Tachi and Yoshinobu Baba et al.73 reported a 
microfluidic FPIA system composed of a microfluidic chip, a laser, a CCD camera and an optical 
microscope with two specially installed polarizers (one fixed and one rotatable). By using this system, 
they successfully carried out a quantitative analysis of theophylline in serum near the therapeutic 
range in 65 seconds. 
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2.3.1.2 Chemiluminescence detection  
CL (Chemiluminescence) is another excellent optical detection method in microfluidics. 
Chemiluminescence is the light produced by a chemical reaction. The CL intensity is directly 
proportional to the concentration of a limiting reactant involved in the CL reaction. As a principle of 
the CL, reactants A and B react with an excited intermediate to form a product and emit the light 
which can be detected and analyzed by an optical detection system (Figure 2-7). The advantage of 
this technique is that the excitation light instrumentation is not required. Because of this advantage, 
the background interference can be eliminated.  
 
Figure 2-7 The principle of the Chemiluminescence detection method.   
Yi-Ning Yang and Gwo-Bin Lee et al.74 demonstrated a microfluidic chip integrated with pneumatic 
micropumps, micro-valves and vortex-type micromixers for CRP (C-reactive protein) measurement. 
The magnetic beads with CRP-specific DNA aptamers and bio-samples with CRP were placed in the 
reaction chamber. The target CRP was captured by the magnetic beads and the complex was attracted 
to the bottom of the microchannel using a magnet. After washing, the Anti-CRP antibody labeled 
with acridinium ester was added and interacted with the target CRP. Finally, a developer H2O2 was 
added for chemiluminescence. The chemiluminescence light signal was measured by using a 
luminometer. The entire reaction time is less than 25 min and the detection limit of the CRP 
concentration was 0.0125 mg/L.  
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Andrew J. de Mello’s group75-76 reported a microfluidic chip integrated with the thin-film OPDs 
(organic photodiodes) for antioxidant capacity screening (Figure 2-8). The PDMS microchip 
comprised two inlets, mixing channel, a circular detection chamber and an outlet. The PO-CL 
reagent, dye, catalyst, hydrogen peroxide and sample were injected into the microchip and reacted at 
the detecting zone. In this study, the CL was based on hydrogen peroxide induced oxidation of an aryl 
oxalate ester which resulted in the formation of an electronically excited intermediate. When the 
fluorophore was added, the energy transferred to the fluorophore with concomitant emission of light. 
But during the reaction, antioxidants scavenged hydrogen peroxide and resulted in a decrease in CL 
emission. The OPDs detectors were applied to detect the chemiluminescence signal for determining 
antioxidant capacity. The whole detection system can be portable and has wider applications for 
chemiluminescence based point-of-care diagnostic tests.  
 
Figure 2-8 Schematic of the experimental set-up for on-chip antioxidant capacity screening. (Source: 
Xuhua Wang and Andrew J. de Mello et al., 2009)   
Hui Huang and Xiao Yun Pu et al.77 reported a rapid and sensitive chemiluminescence microfluidic 
immunoassay system based on super-paramagnetic microbeads for determination of AFP (alpha-
fetoprotein). In their system, the microfluidic chip was fabricated by the CO2 laser. Super-
paramagnetic microbeads coated with AFP antibody were immobilized in the reaction chamber by 
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electromagnetism. After loading the sample and the HRP-labeled anti-AFP antibody, the sandwich 
immunoassay was carried out. Then, the Luminol and H2O2 were loaded into the reaction chamber to 
generate the chemiluminescence signal. With this system they performed AFP analysis in 20 min and 
the detection limit is 0.23 ng/mL. 
2.3.1.3 Thermal lens microscope 
TLM (thermal lens microscope) is a very sensitive detection method. Compared with the fluorescence 
detection method, the detection limit can reach zepto-mole to yocto-mole levels under the perfect 
conditions.78 It is good at detecting the non-fluorescent samples. Sometimes, it needs very high 
sensitive detector to analyze the very small volume of the analyte on a microfluidic chip. Therefore, 
TLM is a powerful tool for the microfluidics. TLM is implemented by using a laser microscope. Two 
coaxial laser beams are introduced into a liquid sample under an optical microscope. The wavelength 
of the excitation beam is selected to coincide with an absorption band of the analyte. The wavelength 
of the probe beam is chosen so that the sample solution has no absorption (Figure 2-9). The 
temperature of the analyte in the confocal region increases because the heat is yielded by absorbing 
the excitation beam. For most solutions, the RI (refractive index) decreases with the high temperature. 
According to the proportional relationship among the laser intensity, the temperature distribution and 
the RI distribution, the RI distribution becomes a nearly Gaussian distribution because the laser 
intensity profile is nearly a gaussian distribution. This phenomenon forms a concave lens and is called 
‘thermal lens effect’. The degree of the thermal lens which is measured by the probe beam is 
proportional to the number of analyte molecules in the confocal region.79  
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Figure 2-9 The schematics of the thermal lens microscope.  
For example, Terence G. Henares and Hideaki Hisamoto et al.80 reported a multiple micro ELISA 
system to simultaneously determine human, goat, and chicken IgGs by combining a capillary-
assembled microchip and TLM detection method. The microchip had a PDMS plate with the lattice 
microchannel network. The plugged capillaries, the valving capillaries and the immuno-reaction 
capillaries were embedded into the microchannel network to form a flow controlling and immune 
reaction system. A Peltier device was used to open or close the valve. The thermal lens detector 
focused on the region of the immuno-reaction capillaries to detect the IgGs. The detection limit of 0.1 
ng/mL IgGs (human, goat, chicken) was obtained in 30 min. Masaki Ihara and Hiroshi Ueda et al.81 
developed a novel detection system that combined the merits of open-sandwich enzyme-linked 
immunoadsorbent assay, a microfluidic sensor chip system and a sensitive thermal lens microscope. 
In their work, OS-ELISA was performed in a microfluidic channel in which polystyrene microbeads 
were packed using an automated ELISA system. The microfluidic channel with a dam structure was 
used for retaining the microbeads (Figure 2-10). A small amount of the BGP, a biomarker for bone 
metabolism, was quantified by utilizing the thermal lens microscope. In a short analysis time (12min), 
detection limits of the total BGP-C concentrations in bovine and human serum samples were 17 and 
10 nM, respectively. 
 
Figure 2-10 The micro-ELISA system. (a) A glass chip integrated with microfluidic channels was 
used for the OS-ELISA reaction. (b)-(e) Polystyrene beads with immobilized MBP-VL were 
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introduced and stored between a dam structure and the three-way junction. Extra beads were flushed 
away. The reagents were introduced into the microchip to form an immuno-complex on the beads. 
After washing, the substrates were applied and dye molecules produced by the enzyme reaction were 
detected by a TLM downstream of the dam structure. The microbeads after each assay were flushed 
by an inversed flow. (Source: Masaki Ihara and Hiroshi Ueda et al. 2010)   
2.3.1.4 Surface plasmon resonance   
Another detection strategy that widely used in optical microfluidics is SPR (surface plasmon 
resonance). A landmark paper involved in the SPR was published by Kretschmann in 1971.82 The 
‘kretschmann structure’ lays a solid foundation for the SPR sensor. The operation principle and 
experimental configurations of SPR have been described in several review papers.83-87 Briefly, when a 
polarized light hits a prism covered with a thin film of metal at a specific (resonance) angle, SPR 
occurs. SPR effect is sensitive to the binding of analyte because the increase in mass causes a 
proportional increase in the refractive index at the interface between a thin metal film and an ambient 
medium. SPR provides a non-invasive, label-free approach for detecting the concentration of 
analytes, kinetics, and affinity in real time. Figure 2-11 shows the scheme of a typical experimental 
configuration for SPR instrumentation. The transduction surface is usually a thin gold-film (50–100 
nm) on a glass slide, optically coupled to a glass prism through a refractive index matching oil.  
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Figure 2-11 Schematic view of the SPR immunoassay technique.   
Because of several advantages including high sensitivity, specificity and rapid response time, a great 
variety of SPR-based sensors have been developed since its introduction in the 1990s. Recently, C. 
Estmer Nilsson et al.88 introduced a new approach using SPR for accurate quantification of influenza 
virus. Recombinant HA proteins (A/H1N1, A/H3N2 and B respectively) were immobilized on the 
dextran matrix of a sensor chip. By using a microfluidic system for reagents handling, a binding event 
occurred on the sensor surface. A change in SPR response was detected. In their study, the calibration 
curve range was 0.5–10 µg/mL and the limit of detection was estimated as <0.5 µg/mL for all three 
analytes. Lee et al.89 developed a microfluidic system integrated with 2-D SPR phase imaging system 
for microarray immunoassays. In this work, the microfluidic device was composed of an arrayed 
sample/reagent delivering module and a micro-temperature control module. Using this system, the 
interaction of anti-rabbit IgG and IgG was successfully detected. A detection limit of 10-4 mg/mL for 
IgG was obtained. Changchun Liu et al.90 developed a compact microfluidic-based biosensor flow 
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cell for SPR imaging. This biosensor flow cell consisted of a ‘hard’ plastic substrate (PMMA) coated 
with a SiO2 thin film which was used as an adhesion intermediate layer and a ‘soft’ PDMS 
microfluidic layer which adhered to the SPR array chip. An immunoassay was successfully carried 
out on the microchip and the limits of detection of sulfamethoxazole and sulfamethazine were 
obtained as 3.5 and 0.6 ng/mL, respectively. Krishnamoorthy et al.91-92 used a surface plasmon 
resonance imaging (iSPR) label-free biosensor to detect surface binding events in a microchip which 
used electrokinetic flow focusing to selectively deliver samples over an array (Figure 2-12).  
 
Figure 2-12 (a) Microarray of gold iSPR sensing islands. (b) glass-PDMS microfluidic chip. (c) The 
iSPR interface module with chip fixture with integrated platinum electrodes. (d) Electrical circuit. 
(Source: Krishnamoorthy et al. 2010)   
By combining the EOF for sample transport and the electrokinetic focusing for sample guiding, an 
advantage of this approach was the ability to direct a single analyte to a specific ligand location in the 
microarray which could facilitate analysis parallelization. The SPR signal was changed and measured 
during sample focusing. In their study, they successfully analyzed the binding kinetics and affinity 
 23 
during the biomolecular interaction. In addition, many commercial SPR systems have been 
introduced by different companies with various options and resolutions; BIAcore (Uppsala, Sweden), 
Nippon Laser Electronics (Hokkaido, Japan), Affinity sensors (Franklin, MA), IBIS technologies 
(Enschede, The Netherlands), Texas Instruments (Dallas, TX), Moritex (Japan), Aviv (Lakewood, 
NJ), etc.93 SPR detection is a highly sensitive, labelling-free and real-time response detection method. 
However, the structure of the SPR device is complex, and a layer of metal (such as gold) must be 
deposited on the microchip. In addition, when doing experiments, the impact of the change of the 
temperature must be considered. Because the refractive index of the solution is sensitive to the change 
of the temperature, the accuracy of the detection may be reduced. 
2.3.1.5 Absorbance detection 
UV/visible absorption spectroscopy is a general optic technique. When a beam of light passes through 
the sample, the light absorption occurs because of the atoms or molecules taking away the energy 
from the light. It means that the transmission of light is reduced when passing through a sample. 
Generally, the absorbance of a sample is directly proportional to the optical path length of the sample 
holder and the concentration of the sample. Absorbance detection is used in macroscale analytical 
chemistry and laboratory diagnostics because of its simplicity and acceptable sensitivity. However, in 
the microscale, the absorbance of a sample is constant. If the optical path length is shortened greatly, 
the concentration of the sample must be high enough to be detected. The short optical path length 
limits the applications of this method due to micron-sized or nano-sized channel. Wanida 
Laiwattanapaisal et al.94 performed an experiment on a portable microfluidic device to measure 
urinary albumin by monitoring the absorbance changes. For increasing the sensitivity of absorbance 
detection in a microfluidic chip, the PDMS chip was composed by two layers. The upper layer was a 
2-mm thick PDMS containing the channel structure. A modified flow cell made from a polystyrene 
cuvette with a 1-cm path length and a total volume of 90 μL was incorporated into the lower, 6-mm 
thick PDMS layer. The optical path length was increased significantly in this way. With their 
proposed system, a calibration curve which was linear up to 10 mg/L, with a detection limit of 0.81 
mg/L was obtained.  
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2.3.2 Non-optical detection 
2.3.2.1 Electrochemical detection 
Electrochemistry-based methods have played a major role in the microfluidic detection. The 
electrochemical detection can be used to measure the concentration of the analyte by converting the 
analyte’s chemical signal into the electrical signal via the electrodes. According to the principle of the 
electrochemical detection method, there are three basic categories of the electrochemical techniques: 
amperometry, potentiometry and conductometry. 
Amperometric detects the current signal generated by the redox reaction on the electeode. A three-
electrode amperometric electrochemical concept is shown in Figure 2-13. The detecting sensor is 
composed of three electrodes (working electrode, reference electrode and auxiliary electrode). A 
polarizable electrode is used for the working electrode on which an electrochemical reaction takes 
place. The reference electrode is a potential standard to supply a constant potential for introducing the 
electrochemical reaction on the working electrode.  When a certain potential is applied to the working 
and the reference electrode, the redox reaction occurs. The reaction generates the current and can be 
measured between the working electrode and the auxiliary electrode. The current is proportional to 
the concentration of the analyte.95 Amperometric approach is a simple technique. Miniaturization and 
integration can be easily achieved by creating a three-electrode system on the microfluidic chip.  
 
Figure 2-13 Three-electrode cell and notation for the different electrodes.  
Recently, Sung Ju Yoo and Sang-Hoon Lee et al.96 demonstrated an electrochemical-based 
microfluidic chip for rapid and quantitative detection of urinary HA (hippuric acid) in human urine 
(Figure 2-14). In their study, all the complicated HA detection processes were integrated on a single 
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microfluidic system. The metal three-electrode layer was patterned and deposited by chemical etching 
process on a glass slide. A PDMS microfluidic channel was bonded on this glass. It had a PRC 
(polybead reserving chamber) which was used to store beads coated with anti-HA antibody, a 
detection chamber and a dam which was used to prevent bead spillover. Antigens (HA and Fc-Lys-
HA) were injected into the microfluidic channel and competitively bound with the antibody (anti-HA) 
coated on the beads. After the reaction, the unbound antigens passed through the dam and entered into 
the detection chamber. The unbound Fc-Lys-HA caused the redox reaction on the electrode and the 
change of the current which was correlated with the HA concentration was measured. They could 
detect the HA concentration in the range of 0-40 mg/mL.  
 
Figure 2-14 (a) Schematic diagram of the microfluidic immunoassay system. (b) The chamber 
holding the polybeads. (c) A photograph of the immunoassay microchip. (Source: Sung Ju Yoo and 
Sang-Hoon Lee et al. 2009)  
Using the micromachining technology, the electrodes are easily miniaturized. The sizes of the 
electrodes are commonly on the order of micrometers and the nanometer sizes have also been 
achieved. Therefore, the electrochemical detection approach can integrated into the microfluidic 
systems where the compactness and the portability are important. I-Jane Chen and Erno Lindner97 
reported a passive pump driven microfluidic system integrated with micro fabricated electrodes as 
electrochemical sensors to detect the analyte of the hexacyanoferrate (II) (Figure 2-15). Cheng-Yu 
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Lin and Gwo-Bin Lee et al.98 developed a hand-held system for detection of urinary proteins. Their 
system was composed of a control circuit, an electromagnetic valve, an air compressor and a 
microfluidic chip which was integrated with a microfluidic control module and a micro 
electrochemical module. The microfluidic control module consisted of a two-way, spiral-shape 
micropump which could transport the urine samples to the sensing regions. The electrochemical 
sensing module had three sensing electrodes. The detection limits of the lysozyme and albumin 
measurement were experimentally found to be 0.1ppm.  
 
Figure 2-15 (b) Photograph of a glass slide with three electrochemical cells. (c) Schematic 
representation of the reference (ER), interdigitated working (Ew), and counter electrodes (EA). 
(Source: I-Jane Chen and Erno Lindner, 2009)    
Potentiometry is used to determine the analytical concentration by detecting the electrical potential of 
an electrode. It consists of an ion-selective electrode and a reference electrode. The voltage difference 
between the ion-selective electrode and the reference electrode is measured as the signal. The 
relationship between the ion-selective electrode potential and the ion concentration of the analyte is 
expressed by the Nernst equation. The potential is proportional to the logarithm of the ion activity. 
Therefore, the ion-selective electrode must use ion-selective membranes to achieve charge separation 
between the sample and the electrode surface. Karin Y. Chumbimuni-Torres and Eric Bakker et al.99 
firstly demonstrated a polymer-membrane-based potentiometric method for nanoparticle-based 
protein detection. A silver ion-selective electrode was used as an effective transducer for sandwich 
immunoassays. The target mouse IgG antigen was captured by the primary anti-mouse IgG antibody 
modified gold substrate. The immunocomplex captured the gold nanoparticles labelled the secondary 
anti-mouse IgG antibody. After that, the catalytic deposition of silver on the conjugated Au 
nanoparticles was carried out to enhance the mouse IgG signal. The precipitated silver was 
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oxidatively dissolved with hydrogen peroxide to yield electrolyte backgrounds for the potentiometric 
detection of the released silver ions with the ISE. They obtained a detection limit of around 12.5 pmol 
of IgG in 50 uL sample. 
Conductometric detection approach depends on the difference of the electrical conductivity between 
the background solution and the analyte. Conductometric detection is performed in two modes either 
with or without direct contact of the sensing electrodes with the background solution and the sample 
components. Generally, the detection limit of this approach can reach 10~6 to 10~8 mol/L. The 
structure of the conductometric detection is simple: only a pair of electrodes is necessary. This simple 
structure facilitates miniaturization and integration. Detection based on the conductometry has been 
used in microfluidic systems for foodborne pathogens100 (the detection limit of the Salmonella, E.coli 
O157:H7 and E.coli biosensors are 8.39±0.6, 7.9±0.3 and 7.59±0.3 CFU/mL, respectively.), hepatitis 
B surface antigen101 (the detection limit of HBsAg is 0.01 ng/mL.), interleukin-6102 (the detection 
limit is 5 pg/mL.) and Escherichia coli103 (the detection limit is 0.5 CFU/mL). 
Amperometric detection method has some advantages including simple, low background noise. It is 
the most popular electrochemical detection method in the microfluidic immunoassay system. 
However, it is not the universal method. It requires the analyte has the electrochemical activity; 
otherwise some additional substances which have the electrochemical activity must be introduced to 
the system for the indirect detection. Potentiometric detection method has the specificity because it 
uses the ion-selective membrane to achieve charge separation. However, the selective membrane is 
hard to integrate into the microfluidic system that greatly limits the application of this method in the 
microfluidic immunoassay. Conductometric detection method is a universal detection method. 
However, it lacks the specificity. According to the principle, the conductivity between the 
background solution and the analyte must be sufficiently different. If there are two kinds of the 
analytes which have the similar conductivity, this method can’t distinguish them.  
Impedimetric detection method is the similar to the amperometric or conductometric detection 
method. Usually, it uses either the two-electrode or the three-electrode concept. The difference 
between them is that the AC is used in the impedimetric detection. Compared with the amperometric 
or conductometric detection method, the electrolysis of the electrode can be eliminated by using the 
AC. In a microfluidic system, with the antibody-antigen interaction or reaction, the variation of the 
impedance can be easily measured by an impedimetric analyzer. However, like the conductometric 
detection method, the sensitivity depends on the difference of the impedance between the background 
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and the analyte. Madhukar Varshney and Steve Tung et al.104 demonstrated a microfluidic flow cell 
integrated a label-free impedance biosensor for the direct detection of Escherichia coli O157:H7 in 
food samples. MNAC (magnetic nanoparticle-antibody conjugates) were embedded in the 
microfluidic flow cell to capture the bacterial cells. The microelectrodes were coated on the 
microfluidic chip to form the impedance biosensor. The impedance changes were recorded by an 
impedance analyzer during the immune reaction. In their study, 1.6×102 cells could be concentrated 
from a sample volume of 5 mL, with a detection limit of 8.4×104 cfu/mL. In Yu-Cheng Lin’s group, 
they developed a new, simple and sensitive immunoassay that used the impedance variation caused 
by silver nanoparticles (AgNPs) coated with an antibody.105-106 In their study, the electro-microchip 
was composed of the two parallel gold electrodes and an reaction well. The first antibodies were 
immobilized on the glass slides and the test antigen, the washing buffer, the PBT and the silver-
conjugated second antibodies were introduced into the microchip sequentially. The AgNPs made 
short circuit between two electrodes and decreased the impedance. The variation of the impedance 
was measured during the immune reaction. The antigen detection limit is 10 ng/mL. 
2.3.2.2 Quartz crystal microbalance 
When applied the electrical field on the quartz crystal, it produces the mechanical deformation. 
Conversely, when applied the mechanical stress on the quartz crystal, it generates the electrical field. 
This phenomenon is called ‘piezoelectric effect’. The QCM (quartz crystal microbalance), also called 
‘micro weighing instrument’, is a sensitive mass microbalance based on the piezoelectric effect for 
measuring the change of the mass on a surface and works well without using any label. The detection 
limit of this method is up to 10~13 g.107 Stephanus B u¨ttgenbach et al.108-109 demonstrated a 
miniaturized system for the determination of protein A by integrating a QCM sensor and a PDMS-
based microfluidic cell. In their study, the AT-cut quartz with the gold electrodes was used to form 
the quartz resonator. The PDMS flow cell was bonded to the quartz surface. The protein A was 
immobilized on the gold electrode. The anti-protein was introduced into the flow cell and bound with 
the protein A. The frequency shift was monitored by a frequency and the measured values were 
recorded online with software. The detection limit for protein A is 1 mg/mL. Recently, Thomas Frisk 
and Goran Stemme et al.110 reported a novel microsystem which absorbed airborne narcotics 
molecules and performed a liquid assay using an integrated quartz crystal microbalance (QCM). In 
this study, the microsystem consisted of four parts. A quartz crystal fixed to a silicon chip and 
covered by a protective polymer cap by using double-sided vertically conductive adhesive foil. The 
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silicon chip gave rigid support to all device parts and supplied microchannels for transport of buffer 
liquid. It defined a robust air–liquid interface where airborne molecules could become absorbed into 
the liquid. The anisotropically conductive property of the foil provided electrical connection between 
the silicon chip and the QCM, and electrical isolation to the rest of the system. The polymer cap gave 
protection to the QCM from external influences without making any mechanical contact to it. The 
quartz crystal was a shear mode electromechanical oscillator, with the resonance frequency dependent 
on the mass of the material attached to its surface (Figure 2-16). The microsystem was based on a 
QCM with a competitive immunoassay. They successfully measured 100–200ng of narcotics samples 
with a sensitivity ranging from 6–20 ng Hz-1. QCM has been used for detecting the different analytes 
including C-reactive protein111 (the detection limit is 0.13 ng/mL), prostate specific antigen112 (the 
detection limit is 0.29 ng/mL). The QCM is a label-free detection method which has a potential to be 
widely used in the microfluidic detection. It offers some advantages including high sensitivity, real-
time readout, low cost. In addition, the QCM not only can detect the mass changes of the analyte but 
also can provide the structure information of the analyte. However, one of the biggest challenges for 
the development of QCM microfluidic devices is how to coat the analyte on the detection surface 
evenly; otherwise it is hard to obtain the accurate result and the repeatability. 
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Figure 2-16 (a) Schematic cross-sectional (top) and top view (down) of the microsystem. (b) 
Exploded to scale view of the designed four-component system: the silicon substrate, the VCAF, the 
quartz crystal and the protective polymer cap. (c) Front and backside pictures of two devices. The 
QCM crystal is visible through the polymer backside cover. (Source: Thomas Frisk and Goran 
Stemme et al. 2008)  
2.3.3 Summary 
Generally, the detection system in the microfluidic devices must have high sensitivity, high response 
time, and minute size. Currently, the detection systems for the microfluidic devices are usually bulky 
and expensive. It is very difficult to integrate the detection system into a portable device if the 
detection system requires microscope, power supply, laser and pump.  
Optical detection still is the most powerful technique for analysis in microfluidic devices. Generally 
speaking, fluorescence detection method is the most popular optical method for quantifying analyte in 
the microfluidic systems. It has high sensitivity, high response time and high selectivity due to 
fluorescent labeling techniques. The key to get the high qualitative fluorescent signal is to minimize 
the background light noise as much as possible. Therefore, material selection and sample purification 
are very important. Profiting from the laser diode and the miniaturized CCD sensor, fluorescence 
detection method can be easily integrated and miniaturized into a portable microfluidic device. 
Recently, LEDs113-116 as an excitation light and COMS image sensor117 are used for fluorescence 
detection to decrease the cost. They may be developed into a cost-effective ways of detection in the 
microfluidics. Chemiluminescence (CL) detection method is generally acknowledged to be a high 
sensitive method which can be comparable to the FIA method. The biggest benefit of this technique is 
that the excitation component, beam splitter and filter are not required. Compared with the FIA, CL 
detection method is much easier to integrate and miniaturize. Just a detector fixed at the reactor cell in 
the microchannel can accomplished the detection. Therefore, the design of the reactor cell in the 
microchannel is crucial to the whole system. On the one hand, the analyte and the antibody/antigen 
require high efficient mixing and full reaction in the reactor cell. On the other hand, the reaction 
system may influence the quantification of the detection, such as reaction accompanied by gas 
production. SPR detection method is growing rapidly, mostly because it is a free labelling and real-
time response detection method, and the background noise is virtually eliminated. SPR detection 
method is feasible for miniaturization and portability.118-121 However, the structure of the SPR device 
is complex, and a layer of metal (such as gold) must be deposited on the disposable microchip, thus 
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increasing cost. Thermal lens microscopy (TLM) is a kind of very sensitive photothermal conversion 
detection technique. It is a promising method for detecting analysis in liquids. The detection limit was 
demonstrated to be as low as the 0.1 nM level. However, TLM has a low selectivity so that it cannot 
distinguish the changes of the temperature and light intensity caused by different analytes. Therefore, 
it is hard to be applied in the complicated detection. Besides, Integrating and miniaturizing the TLM 
method into a microfluidic device is a big challenge. 
Non-optical detection is another important branch of detection methods for the microfluidics, 
especially the electrochemical detection method. Because the structure of electrochemical methods is 
simple, the electrochemical-based microfluidic system can be much easily miniaturized and 
integrated by the micromachining technology. However, the major disadvantage of this method is the 
interference caused by the components such as the electronic circuits, the electrodes and the 
microchip. In the liquid environment, because of the electrolysis, the bubbles are easily generated and 
will influence the result. The electrochemical detection depends on detecting the change of the current 
or the voltage. Therefore, compared with other detection methods, the background noise of the 
electronic circuits impacts the detection limit greatly in the electrochemical detection method. The 
QCM is a potential detection method in the microfluidic immunoassays due to the high sensitivity, 
the real-time readout and the low cost. However, how to coat the analyte on the detection surface 
evenly is a big challenge.  
Although many microfluidic technologies have the potential, most of them are operated by well-
trained technicians and require additional off-chip supporting units, such as fluid controlling systems, 
power and detection systems. Significant advancement in this area is required, and much more work 
remains to be done. 
2.4 Optical detection in microfluidic flow cytometry 
As we mentioned above, the most commonly observed form of optical detection is fluorescence, 
because of its high sensitivity and the ease of integrating a label. The optical system of the flow 
cytometry has two main functions: illumination and collection (detection). For the illumination, 
traditional flow cytometers are dependent on lasers which are used as an excitation source. Air-cooled 
gas lasers have been integrated into flow cytometers for years. The argon-ion and helium–neon lasers 
are the most prominent examples. In most commercial flow cytometers, the light excitation system is 
a single-color system. However, the single-color flow cytometer has some limiting aspects. First, 
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single excitation wavelength limits the fluorochromes and fluorescent proteins that can be utilized for 
cell detection and monitoring. In addition, double-labeling of cells with two different fluorescent 
markers, which would allow for such experiments is precluded. Second, single excitation light does 
not afford the opportunity to cross correlate acquired data, which can enhance cell detection accuracy, 
especially for the situations of elevated background noise that occur when tissue auto-fluorescence is 
high, or for minimally fluorescently marked cells. Therefore, dual-colors or multi-colors excitation 
system is developed in the commercial flow cytometers. These flow cytometers employ multiple 
lasers that excite up to different fluorescent dyes. However, all commercial flow cytometers without 
exception use two or more different lasers, dichroic mirrors, optical filters or photo detectors in the 
system. This possesses some drawbacks. First, it is well known that the laser will generate high levels 
of heat. The cooling system must be prepared for lasers. Second, more components mean the huge 
size, weight and cost.  This is the key reason that today’s flow cytometers are still bulky and costly, 
thus having only limited use for point-of-care applications. Third, more lasers mean the huge energy 
consumption. Recently, LEDs as an excitation light are used for fluorescence detection to decrease 
the cost. Compared with lasers, LEDs suffer from the disadvantage of non-collimated emission. 
However, they are still used in compact optical devices due to their low cost. The new generation of 
LEDs exhibit very high output power covering the whole visible wavelength range and even UV light. 
LEDs are the most effective light sources available and require only low-power driving currents. 
These advantages, combined with their compact dimensions, mean that they are perfectly suitable for 
integration into lab-on-a-chip devices. They may be developed into a cost-effective ways of detection 
in the microfluidic flow cytometer. Light signals are generated when particles pass through the laser 
beam in a fluid stream.  
In recent years, fluorescent detection is the most powerful technique for analysis of cells in flow 
cytometers.122-124 For fluorescent detection, the excitation light source, optical filters and the photo-
detectors are the most important components. Usually, laser is used as the excitation light source due 
to the ability of generating high-quality and well-focused laser beam. Photomultiplier tubes are used 
as the photo-detector because of its high sensitivity. Miniaturized fluorescent detection prototypes 
have been reported.125-127 For example, Kang et al.128 reported a particle counting and sorting system 
based on the fluorescence detection for lab-on-a chip applications. However, these optical systems 
were still large and costly. Additionally, these prototypes have only one excitation light source and 
can detect only one kind of fluorochromes, restricting the applications significantly. Recently, a dual-
color fluorescent detection system is developed to enhance the applications of microfluidic flow 
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cytometer. Zhong et al.129 developed a two-beam, two-channel detection flow cytometry (T3FC) 
system which could realize the cell analysis of two different dyes. Yang and co-works130 also 
demonstrated a compact, high-sensitivity, dual-color flow cytometer (HSDCFCM) for detecting 
specific bacterial cells. In their study, a method of labeling two dyes on one cell was used. The two 
different dyes were excited by using one laser and the two emission lights were captured by two 
photo-detectors. However, the high-cost, high-power consumption, bulky volume, heavy weight and 
complicated multi-dye staining protocol limit the applications of their flow cytometer. Generally, to 
realize dual-wavelength detection, it is a great challenge to miniaturize and integrate two sets of 
optical components (i.e., excitation light source, photo-detector and optic filters) into a limited space.  
To overcome these problems, the laser combined with optical fiber is used to reduce the light 
pathway.  Tung et al.131 introduced a microfluidic flow cytometer based on the solid-state lasers and 
PIN-based photo-detectors to realize dual-wavelength detection. Optical fibers were used to transmit 
the laser beam to the detection zone and to collect the emission light from the fluorescent particles. 
Golden et al.132 also developed a microfluidic flow cytometer based on inserted optical fibers for 
counting microspheres. Optical fibers inserted into the microchannels provided two excitation lights. 
Two emission collection fibers were connected to PMTs through a multimode fiber splitter for 
detection. Although this approach utilized embedded fibers which can lead to a significant reduction 
of the size of flow cytometer, two lasers had to be used. Moreover, using embedded optical fiber on 
the chip increases the cost and the complexity of the chip fabrication. 
2.5 Concluding remarks 
A portable flow cytometry device is of importance in many on-site tests. As known that for a real 
portable flow cytometry device, the space is limited. However, current microfluidic flow cytometry 
devices do not take the space into account, their space is unlimited. None of current microfluidic flow 
cytometry devices can reach the requirement of portability. From the above reviews, it is clearly 
shown that most current microfluidic flow cytometry systems are micro- only on the microfluidic 
chip, the rest components are still bulky and expensive. For the fluidic control system, all of the 
current microfluidic flow cytometry systems are using the external mechanical pumps, hence tubes 
have to be used for connecting the pump and the flow cytometry system. Moreover, the reagent 
consumption of their system is huge due to the use of external tubes. In order to realize the flow 
focusing, the structure and the fabrication of the microfluidic chip are getting more and more 
complicate, which prevents the mass production of the microfluidic chip. The use of Lasers and 
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PMTs in the optical detection system result in a high cost. To overcome all the drawbacks aboved, 
innovations of proposed microfluidic flow cytometry system emerge to: 
 Reducing the total size of the current microfluidic flow cytometry system; 
 No valves, tubes and external pumps; 
 Reducing the cost; 
 Reducing reagent consumption; 
 Mass-production of each subsystem; 
 Simplifying the optical components and alignment. 
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Chapter 3 
Study of Electrokinetically-induced Pressure-driven Flow in a  
T-shaped Microfluidic Chip 
3.1 Introduction 
As known that the biological cells such as RBCs (red blood cells) and WBCs (white blood cells) are 
very difficult to be driven in a microchannel by the electrokinetical force due to the surface charge 
change of the cells or the pH value change of the liquid. Moreover, the cells could be killed or 
destroyed under the electric field. Although these shortcomings can be eliminated by using the 
pressure-driven flow, it still exists some concerns. Generally, the pressure pumping forces are 
supplied by a syringe pump or other mechanical pumps which cannot be integrated into the 
microfluidic flow cytometry device. Besides, the pipes and valves are inevitably used between the 
microfluidic chip and the pumps, resulting in sealing and operating difficulties. Furthermore, the 
requirement of these external equipment will significantly increase the volume of the sample/ reagent.  
In this chapter, a novel approach is introduced for generating a continuous pressure-driven flow and 
transporting the particles or biological cells in the T-shaped microchannel by using the 
electrokinetically-induced pressure-driven flow. Thus, the shortcomings of the electrokinetical force 
and the pressure pumping force are avoided when is employed individually. This is the fundament of 
this microfluidic flow cytometry device. Numerical and experimental results are reported to study 
electrokinetically-induced pressure-driven flow.  
3.2 Principle of electrokinetically-induced pressure-driven flow 
In this study, a novel method is put forward to generate the electrokinetically-induced pressure-driven 
flow in a T-shape microchannel. The schematic diagram of the proposed method is shown in Figure 
3-1. The system is placed horizontally on a lab table surface. The main objective is to generate 
continuous pressure-driven flow in the vertical channel. The fluidic control system consists of a T-
shaped rectangular channel, three cylindrical reservoirs initially with the same fluid level. The liquid 
in the microchannel is assumed as an incompressible, newtonian, symmetric electrolyte with constant 
density and viscosity. All the three reservoirs, A, B and C, are open to air and have atmospheric 
pressure. The channel wall is uniformly charged with the zeta potential, ζ. The channel A-B is used as 
 36 
an electroosmotic pump which can be generated by applying the DC power between the reservoir A/B 
and point O. The direction of the EOF (electro-osmotic flow) is towards the reservoir A/B. Because 
of the flow continuity, point O has negative pressure that induces a flow from reservoirs A and B to 
point O and hence generates a continuous pressure-driven flow in the vertical channel from reservoir 
C.  
 
Figure 3-1 Schematic diagram of the proposed method to generate electrokinetically-induced 
pressure-driven flow. The s-s is the central line of the microchannel. The particles/cells are loaded in 
reservoir C. Reservoirs A and B contains initially the buffer solution. The red lines show the position 
of the electrodes. 
Once the electric fields are applied on the transverse microchanenl, the liquid in the purple frame 
(Figure 3-1) will be sucked out and flows into the wells A and B due to the EOF. The flow direction 
is from point O to both reservoirs A and B, thus the point O has the negative pressure. However, 
according to the fluidic continuity, the purple frame cannot be empty. The liquid in the vertical 
channel will move into the purple frame to fill it. Thus, a pressure gradient is generated between the 
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reservoir C and the point O. This pressure gradient is capable of generating a continuous 
electrokinetically-induced pressure-driven flow in the vertical channel. Compared with current 
microfluidic chips which are used in the fluidic control system, it is clearly shown that without any 
moving part and syringe pump, the pressure-driven flow can be generated in the proposed 
microfluidic chip. When loading the sample in the reservoir C, the particles/cells will flow into the 
vertical microchannel due to the pressure drop generated between the reservoir C and point O. The 
different kinds of the particles/cells can be detected by using the optical method when particles/cells 
pass through the detection zone in the vertical microchannel. This is the fundament of the 
microfluidic flow cytometry system in my study. 
3.3 Numerical study 
Numerical study was done to prove the theoretical analysis. In the numerical study, COMSOL 
MULTIPJHYSICS was used to solve this numerical model. 800000 elements or more were used in all 
simulations to avoid the grid dependence. The numerical studies consisted of three main parts. In the 
first part, the effectiveness of the proposed method of generating electrokinetically-induced pressure-
driven flow in the T-shaped channel is investigated. In the second part, the optimized chip design was 
studied to eliminate the influence of the pressure-driven back flow which caused by the hydrostatic 
pressure difference among reservoirs A, B and C. In the third part, the motion of the particles was 
studied. 
3.3.1 Physical modeling 
 Electric field 
When the electrical potential, Øe, is applied at reservoirs A, B and Point O, the applied potential 
through the system is governed by Laplace’s equation.  
𝜵𝟐∅𝒆 = 𝟎                                                                                                                                            (3-1) 
Once the electrical field is known, the local electric field strength can be calculated by  
?⃗⃗? = ?⃗⃗? ∅𝒆                                                                                                                                              (3-2) 
The zeta potential at the non-conducting channel wall ζw is constant and the value depends on the 
properties of the solid material and the liquid solution. According to Helmholtz–Smoluchowski 
formula, the electro-osmotic flow velocity is 
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?⃗⃗? = ?⃗⃗? 𝒆𝒐 = −
𝜺𝟎𝜺𝒓𝜻𝒘
𝝁
?⃗⃗?                                                                                                                          (3-3) 
where ε0 and εr are the dielectric constant in vacuum and the dielectric constant of the solution, 
respectively. The electro-osmotic velocity boundary condition is applied at the walls of the channel 
A-B. The non-slip velocity boundary condition is applied at the other walls where the flow is caused 
by the induced pressure. The boundary conditions of the electric field are 
{
∅𝒆 = ∅   𝒂𝒕 𝒓𝒆𝒔𝒆𝒓𝒗𝒐𝒊𝒓𝒔 𝑨 𝒂𝒏𝒅 𝑩
∅𝒆 = 𝟎     𝒂𝒕 𝑷𝒐𝒊𝒏𝒕 𝑶                      
                                                                                                  (3-4) 
 Velocity field 
The velocity field in the system is governed by the continuity equation and the Navier-Stokes 
equations. 
𝜵 ∙ ?⃗⃗? = 𝟎                                                                                                                                             (3-5) 
𝝆?⃗⃗? ∙ 𝜵?⃗⃗? = −𝜵𝑷 + 𝝁𝜵𝟐?⃗⃗?                                                                                                                    (3-6) 
where ρ and µ are the density and viscosity of the liquid, u is velocity, P is the pressure gradient.  
For analysis, the following parameters are used in the numerical simulation: 
 For convenience, the channel depth is fixed at 25 µm;  
 The length of horizontal channel is fixed at 1cm; 
 The width and length of vertical channel are fixed at 100 µm and 5 mm, respectively; 
 The width of horizontal channel is allowed to vary from 25 µm to 300 µm. 
 The work solution is water. The density of water ρ is 1000 kg/m3, the viscosity of water is µ 
is 10-3 kg/m·s, the relative permittivity of water ε is 80; 
 The zeta potential ζ is -0.04V; 
3.3.2 The flow field in the T-shaped microchannel 
Equations (3-1), (3-2) and (3-3) subjected to boundary conditions were solved to find the electric 
potential in the system. At point O, a plane with the dimension 100 µm × 25 µm was assumed to have 
a zero potential. It was also assumed that the boundaries A and B have the potential value Øe. In 
order to find velocity field, Equations (3-5) and (3-6) subjected to boundary conditions must be 
 39 
solved. The open boundary condition was assumed for boundaries A and B. The electro-osmotic slip 
velocity was considered on the walls of channel A-B while the walls in the rest of the system have no-
slip velocity condition. By applying the negative electric potentials -50 V at the two ends of the 
channel A-B and 0 V at point O, electro-osmotic flow was generated in the channel A-B and 
consequently a pressure gradient was produced in the system.  
Figure 3-2 shows the pressure gradient distribution and electrical potential distribution in T-shaped 
microchannel. As I mentioned before, by applying the negative electric potentials at the two ends of 
the channel A-B and 0V at point O, electro-osmotic flow will be generated in the channel A-B and 
consequently a pressure gradient is produced in the vertical channel. In Figure 3-2 (a), the simulation 
result clearly showes that the point O has the negative pressure (blue color). A pressure gradient is 
formed in the vertical channel from reservoir C to the point O. The numerical result is in accordance 
with the theoretical analysis. Figure 3-2 (b) shows that there is no electrical field in the vertical 
channel, which means that onlythe pressure-driven flow exists in it. 
Figure 3-3 shows the velocity vector in the T-shaped microchannel with 100 µm width of horizontal 
channel. In the horizontal channel A-B, on one hand, the liquid near the channel walls flows from the 
point O to the ends of the channel due to electro-osmosis flow, on the other hand, there also is a 
backward flow in the middle of horizontal channel due to the pressure gradient between the reservoirs 
(A and B) and the point O. It should be noted that this static pressure gradient is generated by the 
motion of liquid. Meanwhile, in the vertical channel, the red vectors demonstrats the classic velocity 
profile of the pressure-driven flow. From this figure, one can clearly see that the dominant flow is the 
electro-osmotic flow near the walls and hence the net flow is from the point O to the ends of channel 
A-B. The pressure-driven flow is generated in the vertical channel. To have a better clarification, in 
channel OA (OB) and OC, the average velocity has been calculated. From the simulation, the average 
velocity of the net flow at the end of the horizontal channel is about 125 µm/s while the velocity of 
the electro-osmotic flow is approximately 283 µm/s. Although the direction of net flow is from point 
O to the ends of the channel, the velocity of net flow is much smaller than that of the electro-osmotic 
flow due to this backward flow. According to the flow continuity, the average velocity in the vertical 
channel is approximately 168µm/s. Thus, in the numerical simulation, the electrokinetically-induced 
pressure-driven flow is demonstrated and visualized. 
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Figure 3-2 (a) Pressure gradient distribution in the T-shaped microchannel. (b) Electrical field 
distribution in the T-shaped microchannel. The width of horizontal channel is 100 µm. Electrical field 
intensity is 100 V/cm (-50 V at A, B and 0 V at Point O). 
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Figure 3-3 The velocity profile in the T-shaped microchannel. The width of horizontal channel is 100 
µm. Electrical field intensity is 100 V/cm (-50 V at A, B and 0 V at Point O). 
Another reasonable dimension of microchannel for the numerical simulation under the same electric 
field (-50V at A, B and 0V at Point O) was studied to investigate the influence of this back flow 
caused by the motion of the liquid. As shown in Figure 3-4, the width of the horizontal channel is 
decreased to 25 µm. The liquid level is considered the same, i.e. no pressure difference existd among 
these three reservoirs. It is found that when the width of the horizontal channel is decreased, the 
backward flow in the middle of horizontal channel is also decreased. In Figure 3-4, the average 
velocity of the net flow at the end of the horizontal channel is 240 µm/s while the velocity of the 
electro-osmotic flow is 283µm/s. However, the average velocity in the vertical channel decreases to 
105 µm/s due to the reduction of the flow rate in the horizontal channel. According to the result, 
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conclusion can be drawn that decreasing the cross-section area of  the horizontal channel can increase 
the net flow velocity, which in turn reduce the backward flow significantly caused by the motion of 
the liquid in horizontal channel. However, it is also found that when the width of the horizontal 
channel is decreased, the velocity of the flow in the vertical channel is decreased accordingly. This is 
because the cross-section area has a bigger weight than the backward flow in the determination of the 
flow rate in the horizontal channel.  
 
Figure 3-4 The velocity profile in the T-shaped microchannel. The width of horizontal channel is 25 
µm. Electrical field intensity is 100 V/cm (-50 V at A, B and 0 V at Point O). 
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3.3.3 Influence of the pressure-driven back flow 
After applying the voltages at reservoirs A, B and Point O, the liquid is pumped from the Point O to 
reservoirs A and B continuously. Since the direction of the net flow is from the Point O to reservoirs 
A and B, more and more liquid flows into the reservoirs A and B from the reservoir C with time. The 
volumes of liquid are increasing in reservoirs A and B and decreasing in reservoir C. The hydrostatic 
pressure difference is generated due to the height difference of the surface level among reservoirs A, 
B and C. The pressure-driven back flow caused by the hydrostatic pressure difference may impact the 
velocity of the flow in the vertical channel. In this section, the influence of the induced-pressure back 
flow among the three reservoirs is investigated. 
As the theory predicts that the plug profile of EOF and the parabolic profile of Poiseuille flow are 
linearly independent, the model combines EOF and pressure-driven flow to see the influence of 
pressure-driven back flow in different channel width. The simulation result is obtained to analyze the 
influence of the pressure-driven back flow. It is well known that the EOF velocity is independent of 
the channel size, and there is no corresponding increase in the average velocity with increased 
channel cross-section. However, from Figure 3-5, it is observed that the average velocity decreases 
linearly with pressure drop between the reservoirs A (B) and C. The slopes of the curves decrease 
with reducing horizontal channel size under the same electrical field strength, implying that at the 
same pressure drop, the pressure-driven back flow can impact the average velocity of the vertical 
channel with bigger cross-section of the horizontal channel. Specifically, from the simulation result, if 
the pressure drop is 10 Pa, the average velocity has a big drop of about 33.3% for the 100 µm width 
of horizontal channel while the average velocity only drops about 15.8% for the 25 µm width of 
horizontal channel. It indicates that if the pressure-driven back flow is a big concern, it is better to 
choose the smaller horizontal channel size to reduce the influence of the pressure-driven back flow. 
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Figure 3-5 The relationship between the average velocity in vertical channel and the pressure drop for 
different horizontal channel size. Electrical field intensity is 100 V/cm (-50 V at A, B and 0 V at Point 
O). 
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3.3.4 The relationship between the average velocity in vertical channel and the 
horizontal channel size 
From above discussion, after adjusting the dimensions of the microchannel, the influence of the 
pressure-driven back flow can be reduced. Another way is to increase the size of the three reservoirs, 
which also can reduce the effect of the pressure-driven back flow significantly. In this section, a pure 
EOF model without pressure disturbance is investigated. In this simulation, for all the channel sizes, 
the EOF velocity equals to 283 µm /s, which is in line with the theoretical value calculated by Eq. 3-3. 
Figure 3-6 shows the relationship between the average velocity in vertical channel and the different 
horizontal channel size under the same electrical field intensity. It is noted that when the width of 
horizontal channel exceeds 100 µm, the average velocity in vertical channel only increases slightly. 
The chart below can helps to design the microchannel in the experimental study. 
 
Figure 3-6 The relationship between the average velocity in vertical channel and the different 
horizontal channel size under the same electrical field intensity. Electrical field intensity is 100 V/cm 
(-50 V at A, B and 0 V at Point O). 
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3.3.5 The relationship between the average velocity in the vertical channel and 
different electrical field intensity 
The motion of the flow is caused by the electrokinetic-induced pressure-driven flow. Therefore, the 
velocity of the flow can be controlled by the electrical field intensity applied on the reservoirs A (B) 
and Point O. To verify this, a series of simulation were conducted by applying different electrical 
field intensity with different horizontal channel size. Figure 3-7 presents the variation of the average 
velocity in the vertical channel with respect to the applied electric voltages at A and B. The electric 
potential at the point O is kept at zero. From this figure, it is evident that the average velocity of the 
flow is linearly dependent on the applied voltage. By increasing the magnitude of the applied voltage, 
the average velocity of the flow is increased. The velocity in the vertical channel is controllable due 
to the requirement of experiment. 
 
Figure 3-7 The relationship between the average velocity in vertical channel and the applied electric 
voltages at reservoirs A and B. Electrical field intensity is 100 V/cm, 200 V/cm, 300 V/cm and 400 
V/cm, respectively (-50 V, -100 V -150 V, -200 V at A, B and 0 V at Point O). 
3.3.6 The simulation of the motion of particles 
By assuming that particles were loaded in the reservoir C, the motion of the particles was simulated in 
the vertical channel due to the electrokinetically-induced pressure-driven flow. The simulation model 
has been mentioned in Section 3.3.2. This simulation describes the transient motion of particles as it 
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moves with the fluidic flow in the vertical channel. The motion of particles is defined by Newton’s 
second law 
𝐦
𝒅𝟐𝒙
𝒅𝒕𝟐
= 𝐅(𝒕, 𝒙,
𝒅𝒙
𝒅𝒕
)                                                                                                                             (3-7) 
where x is the position of the particle, m the particle mass, and F is the sum of all forces acting on the 
particle. After solving by the COMSOL 4.2a, the sequential images in Figure 3-8 which illustrats the 
movement of particles along the vertical microchannel are obtained. There images show the motion of 
particles with the electrokinetically-induced pressure-driven flow. 
 
Figure 3-8 Sequential images of the simulation of particle’s motion. Cross-sections are 25µm (w) × 
25µm (h) in horizontal channel and 100 µm (w) × 25 µm (h) in vertical channel. Electrical field 
intensity is 100 V/cm (-50 V at A, B and 0 V at Point O). Diameter of the particles is set up to 10 µm. 
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3.3.7 Summary 
Although either the pressure-driven pumping force or EOF pumping force is used to drive 
partilces/cells in many published papers, a novel method combining the EOF pumping force and the 
pressure pumping force is proposed in this thesis. This method eliminates the shortcomings of both of 
them. After doing the literature reviews, only the proposed method presents the possibility to make a 
real portable flow cytometry device. The numerical simulation results prove that the 
electrokinetically-induced pressure-driven flow can be generated in the T-shaped microchannel. 
Meanwhile, the particles can be driven in the vertical channel due to the induced pressure-driven 
flow. 
3.4 Experimental study 
The experimental study was performed to prove the electrokinetically-induced pressure-driven flow 
in a T-shaped microchannel. In this section, the experimental results are demonstrated\. The particles 
and real blood cells were successfully driven in the microchannel based on the electrokinetically-
induced pressure-driven flow.  
3.4.1 Material and solution 
In this experimental study, fluorescent particles and non-fluorescent particles of different sizes are 
used for visualizing the phenomenon: carboxyl polymers microspheres (Bangs Laboratories Inc., 
Fishers, Canada) of 10μm and 5.76μm in diameter. Microsphere concentration is 1% solids (10 mg 
mL−1). The excitation and emission light wavelengths of the fluorescent microspheres are 480 and 
520nm, respectively. The diameters of these microspheres are close to the real blood cells (RBCs, 
WBCs and platelets). For the flow visualization, Rhodamine B solution was used as an indicator, the 
wavelength of excitation and emission light are 540 and 625nm, respectively.  
In the experiments of testing the real blood cells, human blood was procured (hematocrit of 45%) 
from a volunteer by a professional assistant. No anticoagulant and pre-treatment were applied to the 
blood. Blood cells were diluted by the 1X DULBECCO’S PBS buffer (MP Biomedicals, LLC, 
Fishers, Canada). Initially, the microchannel chip was filled with the DI water for the particle testing 
and 1X DULBECCO’SPBS buffer for the blood cell testing. 
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3.4.2 Chip and electrode fabrication 
A PDMS (polydimethylsiloxane) microfluidic chip was fabricated by using the soft lithography 
protocol (Figure 3-9). First, a master was prepared by spin coating a film of SU-8 negative photoresist 
onto a silicon wafer. After pre-baking, a photomask bearing the microchannel geometry was placed 
on the top of the film. The photoresist film covered with the mask was then exposed to UV light. 
After post-baking and developing, a master could be obtained. A 10:1 (w/w) mixture of PDMS 
polymer base and curing agent was then poured over the master and cured at 750C for 3h after being 
degassed under vacuum. After this step, the PDMS slab was solidified on the master and then peeled 
off from the master. Reservoirs were punched on the PDMS slab at the designed locations. Finally, 
the PDMS slab and a glass slide were bonded tightly after treating them in an oxygen plasma device 
for 30s to form the desired microchannel chip. In this design, the depth of the microchannels was 
25m. 
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Figure 3-9 Soft lithography protocol. UV light is used to project channel patterns of a high resolution 
photomask onto photoresist. Once the photoresist is developed, only the exposed parts remain. They 
act as a negative mold onto which liquid PDMS is poured. Subsequently, the PDMS is baked at 65°C. 
Cured PDMS is peeled off the mold revealing the positive channel structures. After punching wells, 
the PDMS microchip is bonded to a glass slide in a plasma oven (Used with permission by Expert 
Reviews Ltd). 
The fabrication procedure of the copper microelectrode is developed by the soft lithography. First, 
The Pyralux AP singlesided copper-clad laminate AC 182000R (Dupont Electronic Materials, 
Research Triangle Park, NC) was spin-coated with a layer of SU-8 at 2000 rpm. After the baking 
treatment, a photomask bearing the electrode geometry was placed on the top of the copper film and 
exposed to UV light. After post-baking, the unexposed photo-resist is dissolved by the chemical 
developer (MicroChem, Newton, MA). The copper sheet covered with a layer of exposed photo-resist 
of the desired pattern is emerged in the copper etchant CE-100 (Transene Company Inc., Danvers, 
MA) at 1500C until all the uncovered copper is removed. Finally, the copper electrodes are placed in 
NaOH (30%) bath at 1300C for 60 min to remove the polyimide substrate and the photo-resist. The 
microelectrodes were inserted carefully into the electrode chambers on the PDMS chip manually 
under a microscope (AZ100, Nikon, Japan). After that, the PDMS slab was plasma treated and 
bonded with a glass slide (VWR) to form the microchannel with embedded electrodes. Because the 
thickness of the microelectrode (18 m) was slightly smaller than the depth of the PDMS electrode 
chamber (25 m), a droplet of liquid PDMS was used to seal the gap between the PDMS slab and the 
glass substrate by capillary action, and followed by heating on a hotplate at 2000C for several seconds 
to make it solidified. 
3.4.3 Chip design 
The schematic diagram of the designed microfluidic chip is shown in Figure 3-10. The design 
basically agrees with the dimension parameters obtained from the simulation study. The chip consists 
of three reservoirs and two main microchannels: one is the vertical microchannel of 100 m in width 
and 5mm in length, another is the horizontal microchannels of 25 m wide and 1cm long. A chamber 
connected to the horizontal channel is used to place the electrode. There is a tip in the front of the 
electrode, thus the electrode is closer to the microchannel that is similar to the numerical simulation. 
The red spots in Figure 3-10 indicate the positions of the other two electrodes. The upper reservoirs 
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and the channel are initially filled with a buffer solution and the lower reservoir is used to add sample 
solution. In the experiment, particles were found likely stick onto the surface of the electrode by this 
design and these particles would block the horizontal channel and then changed the distribution of the 
electric field. To improve the performance of the microfluidic chip, a few modifications were made, 
as shown in Figure 3-10 (b) and (c). In Figure 3-10 (b), the tip is removed from the electrode and the 
length of neck channel is shortened. In Figure 3-10 (c), two branch channels are added into the design. 
When conducted the experiments on these two modified microfluidic chips, it was found that the 
second design helped to decrease the amount of the particles stick to the electrodes but still would 
block the neck channel. For the third design, the particles were split into two branches before flowing 
to the horizontal channel and then spread into the electrode chamber. Compared with the second 
modified design, this one decreased the chance of blocking the neck channel by the sticky particles 
significantly. 
The profile of the pressure-driven flow in the vertical channel is parabolic, which indicates the 
velocity in the middle of the channel has maximum magnitude while the velocity decreases to zero 
towards the wall. A converging-diverging section is introduced into the vertical channel, as shown in 
Figure 3-10 (d), for accelerating the speed of the particles along the wall as well as focusing the 
particles. According to the experimental results, the speed of the particles increased when passing 
through this converging-diverging section. However, this converging-diverging section cannot focus 
particles. Because the flow in the vertical channel is the laminar flow and the particles will flow along 
the streamlines. The design of the converging-diverging section cannot change the streamlines 
therefore it cannot change the pathway of the particles. The design of this converging-diverging 
section is abandoned in the following study. 
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Figure 3-10 Two-dimensional (x–y plane) illustration of the microchannel design used in this study. 
3.4.4 Experimental setup and operation 
The experimental workstation consisted of the following major components: the microfluidic chip, a 
fluorescence microscope and image system, a DC (direct current) power supply and a data acquisition 
system, as shown in Figure 3-11. The microfluidic chip was fixed on the observation platform of the 
microscope. The DC regulated power supply (CSI12001X, Circuit Specialists Inc., USA) was used to 
control the voltages applied to the different electrodes. A fluorescent microscope (AZ100, Nikon) 
with a high intensity illumination system and two kinds of the CCD camera (DS-QilMc, Nikon and 
Retiga 2000R, Nikon) was used to visualize the motion of the liquid (dye solution) and the 
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particles/cells inside the microchannel. The images were captured by the digital camera and digitized 
by the computer software (NIS-Elements BR 3.0). 
The fluorescent particles and dye solution were used in the visualization experiments. Initially the 
reservoirs A and B were filled with 8 L of DI water. To start the experiment, 8 L of the sample 
solution was loaded to the reservoir C so that there was no pressure difference among the reservoirs. 
By applying the -50 V at the two ends of the channel A-B and 0 V at the point O, electro-osmotic 
flow was generated in the channel A-B and consequently a pressure gradient was produced in the 
network. All the images were obtained by the same CCD camera.  
In experiments using real blood cells, the reservoirs A and B were filled with 8 L of 1X PBS buffer. 
To start the experiment, 8L blood cell sample was loaded to the reservoir C. Because the PBS buffer 
could generate undesired effects (e.g., bubbling) under higher electric field, lower voltage (-40 V) 
was applied. All the images were obtained by the same CCD camera.  
 
Figure 3-11 The microfluidic chip and the experimental system: a picture of the chip and the 
illustration of the experimental system. 
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3.4.5 Experimental results 
 Demonstration of the electrokinetic-induced pressure-driven flow in the microchannel 
To demonstrate that the liquid can be controlled and transported by the applied electric field from the 
Point O into reservoirs A and B, Rhodamine B was used as a tracer to visualize the movement of the 
flow. Figure 2-12 shows a series of fluorescent images of the horizontal channel and the vertical 
channel during the dye solution traveling. As shown in Figure 3-12, dye solution flowed in the 
vertical channel due to the electrokinetic-induced pressure-driven flow. Then, it moved towards the 
reservoir A and B due to the electro-osmotic flow. 
 
Figure 3-12 A series of fluorescent images of electrokinetic transport of Rhodamine B dye solution in 
microchannels. Red strips were fluorescent dye moving in the horizontal channel and the vertical 
channel (E=100 V/cm. −50 V is applied at the two ends of the channel A-B and 0 V at point O). 
 Demonstration of the motion of 10 m and 5.76 m diameter fluorescent microspheres 
To simulate the blood cells in the microchannel, fluorescent microspheres of two different sizes were 
used to replace the blood cells. 10 m fluorescent microspheres were used in this experiment as the 
substitute of the white blood cells. 5.76 m fluorescent microspheres were used to simulate the red 
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blood cells. As shown in Figure 3-13, the fluorescent microspheres were passing through the vertical 
channel due to the electrokinetic-induced pressure-driven flow. 
 
Figure 3-13 A series of fluorescent images of the motion of 10 m and 5.76 m fluorescent 
microspheres (E=100 V/cm. −50 V is applied at the two ends of the channel A-B and 0 V at point O). 
The upper four images indicate the 10 m fluorescent microspheres flowing in the vertical channel at 
different time. The bottom four images show the 5.76 m fluorescent microspheres flowing in the 
vertical channel at different times. 
 Demonstration of the motion of the real blood cells in the microchannel 
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In experiments using real blood cells, reservoirs A and B were filled with 8 L of 1X PBS buffer 
firstly. To start the experiment, 8 L diluted blood cell sample was loaded to the reservoir C. Initially, 
-50 V was applied to reservoirs A and B, respectively. However, this experiment failed due to the 
serious electrolysis of the PBS buffer. After a series of tests, the applied voltages were reduced to -30 
V in reservoirs A and B, respectively. It was observed that blood cells were transported in the 
microchannel. Figure 3-14 and 3-15 show that blood cells were flowing along the vertical channel 
(Figure 3-14) and the converging-diverging section (Figure 3-15). The result demonstrates that the 
motion of the continuous, real time blood cells could be achieved by using the presented 
electrokinetic-induced pressure-driven flow method in a microfluidic chip. 
 
Figure 3-14 A series of images of the motion of real blood cells (E=60 V/cm, −30 V was applied at 
the two ends of the channel A-B and 0 V at point O). The four images indicated the blood cells 
flowing in the vertical channel at different time.  
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Figure 3-15 A series of images of the motion of real blood cells (E=60 V/cm, −30 V was applied at 
the two ends of the channel A-B and 0 V at point O). The four images indicated the blood cells 
passing through the converging-diverging section in the vertical channel at different time.  
3.5 Concluding remarks 
In this chapter, a novel method is presented to combine the electrokinetical force and the pressure-
driven force. As I demonstrated in the reviews, most current microfluidic flow cytometry devices are 
micro- only in the microfluidic chip, the rest of most apparatuses such as pumps, valves and tubing 
are still bulky and expensive, which is very difficult to be integrated into the system. In this thesis, the 
novel approach utilizes the advantages of both of the electrokinetical pumping force and the pressure-
driven pumping force. Once this novel microfluidic chip is applied in the flow cytometry devices, the 
total size of the current microfluidic flow cytometry system can be reduced greatly because no valves, 
tubes and external pumps are involved. This fundamental work solves the major problem which exists 
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in current microfluidic flow cytometry devices. Numerical and experimental results show that the 
electrokinetically-induced pressure-driven flow work well. 
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Chapter 4 
Study of Dual-Wavelength Fluorescent Detection of Particles/cells 
on a Novel Microfluidic Chip 
4.1 Introduction 
In this chapter, a novel miniaturized dual-wavelength fluorescent detection system was designed and 
developed for particle counting and detection. This system can detect and count two different 
fluorescent particles/cells simultaneously. Good agreement is achieved between the results obtained 
by the proposed flow cytometry device and the results obtained by a commercial flow cytometer.  
4.1.1 Light source 
Conventional flow cytometers are dependent on the laser as an excitation source which also is used in 
the microfluidic flow cytometers. However, laser has some fatal shortcomings such as the high levels 
of heat, the big volume and the high cost. In this study, the LED (light emitting diodes) is considered 
as the excitation light source. To realize the dual-wavelength detection, two lasers with different 
wavelength must be used. The high cost can’t be accepted in the microfluidic flow cytometers. 
Moreover, the lasers will generate high levels of heat. The cooling system must be prepared for lasers. 
More components mean the huge size and weight. Compared with the laser, the cost of LEDs can be 
ignored. The bi-color LED combines two LEDs in a single package which is ideal for small scale 
applications where multiple signals need to be displayed, so dual-wavelength detection can be 
realized.  
The most common excitation sources used in the flow cytometer today are the light wavelength of 
488 nm and 633 nm. These two wavelengths are enough variation to cover most researchers’ needs. 
Therefore, blue/red bi-color LED is selected in my study. Moreover, the blue light is selected because 
of its capability to the commonly used fluorescently excited fluorochromes. The red light is chosen 
because of its good penetrating capability through tissue and blood, as well as its strong excitation 
capability of commonly used fluorochromes. In addition, both excitation wavelengths are sufficiently 
far from the emission wavelengths of the fluorescent molecules used for detection, allowing for the 
effective filtering of reflected excitation light from fluorescence light.  
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4.1.2 Optical system 
In the optical system, the key point is to separate the lights of the different wavelengths and divert 
them to the different detectors. However, in a microfluidic flow cytometer, the space is limited. It 
means that it cannot put many optical filters in the device. Usually, the WDM (wavelength division 
multiplexers) integrated the dichroic (long-pass) filter and the band-pass filter is used in the 
microfluidic flow cytometers. However, the price of WDM is still high and can’t be accepted. 
Moreover, using WDM is very easy to lose the fluorescent signal due to the strict requirement of the 
incident angle of the light. In our study, a 3D printer was utilized to make a module which can be 
used to assembly the filters and the photo detectors. The novel strategy of the detection system will be 
introduced as following. 
4.1.3 Modified microfluidic chip 
Compared with the design of the microfluidic chip which was presented in Chapter 3, this new 
microfluidic chip was modified to fit the miniaturized dual-wavelength fluorescent detection system. 
Due to the mass production concern, the microelectrode was removed. A small hole is punched at the 
point O so that an electrode can be easily placed in the small hole. The vertical microchannel was 
bended to reduce the light pathway. All the dimensions of this modified microchip were the same as 
the microfluidic chip which was presented in Chapter 3. The experiment results show that the new 
microchip work well.  
4.2 Methods 
4.2.1 Electrokinetically-induced pressure-driven flow 
A schematic diagram and a photograph of the novel microfluidic chip are shown in Figure 4-1. The 
fluidic control system consists of four reservoirs A, B, C and O, one main L-shaped microchannel of 
width 100 µm and length 5 mm, and one pumping channel of width 25 µm and length 1cm, 
connecting wells A and B. There is a neck channel of width 100 µm and length 100 µm to connect the 
L-shaped microchannel and reservoir O. The diameter of reservoirs A, B, C and O are 3 mm, 3 mm, 3 
mm and 1.5 mm, respectively. The reservoirs and the channels are initially filled with a buffer 
solution. The particle sample solution is added to the Reservoir C finally. 
The channel A-B is used as an electroosmotic pump where the electroosmotic flow is generated by 
applying DC voltages via electrodes inserted in reservoirs A, B and O. The direction of the 
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electroosmotic flow (EOF) is from the reservoir O to both reservoirs A and B. When EOF is 
generated in the channel A-B, the cross-junction area near the reservoir O has a negative pressure that 
induces a pressure-driven flow from reservoir C to reservoir O. Consider the cross-junction region 
near the reservoir O in Figure 4-1 (a). Once the electric field is applied along the pumping 
microchannel, the liquid in this cross-junction region will be pumped into the wells A and B. Because 
of the fluidic continuity, the liquid in L-shaped channel will move into the cross-junction region to fill 
it. Thus, a pressure gradient is generated between reservoir C and the cross-junction near reservoir O. 
This pressure-gradient will generate a continuous flow in the L-shaped channel. The particles loaded 
in the reservoir C will then be carried with the flow to pass a optical detection spot in the L-shaped 
microchannel. In this way, the different fluorescent particles can be counted and detected. Using this 
method, no moving parts, external tubing, valves and syringe pumps are required. If the sample 
particles are biological cells, the cells will not experience any electric field, because there is no 
applied electric field in the L-shaped channel.  
 
Figure 4-1 (a) Schematic diagram of a new method to generate electrokinetically-induced pressure-
driven flow in a microchannel. The arrows indicate the flow directions. The particles/cells are loaded 
initially in reservoir C. (b) A photograph of the microfluidic chip. 
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4.2.2 Low-cost, dual-wavelength fluorescent detection system 
A miniaturized, low-cost, optical detection system was designed and developed in this study to 
achieve dual-wavelength detection at a single spot. As illustrated in Figure 4-2, the core of this 
miniaturized fluorescent detection system consists of a high-power bi-color blue/red LED (488/635 
nm, LedEngin, CA, USA) as the excitation source, a dual-wavelength excitation filter (CWL: 488/635 
nm, FWHM: 20 nm, Chroma, VT, USA ) to select the two excitation wavelengths, two band-pass 
emission filters (CWL: 535 nm, FWHM: 20 nm, Chroma, VT, USA; and CWL: 710 nm, FWHM: 40 
nm, Semrock, NY, USA) to transmit the specific emitted fluorescence and block the background light 
noises, and two Si photodiodes (S8745-01, Hamamatsu, Japan) as the photo-detectors. In order to 
assembly all optical components into the limited space and to allow detecting two-wavelength signals 
from a single spot, the strategy of the optical pathway is very important. In this new design, as shown 
in Figure 4-2, the microfluidic chip was placed horizontally on a platform; the LED was placed at the 
side of the microfluidic chip. The light from the LED passes through an excitation filter and shines on 
the detection region in the upstream of the L-shaped microchannel. The distance of the light pathway 
is less than 2 cm from the LED to the detection spot. When two different fluorescent particles/cells 
passed through this spot, fluorochromes were excited. The two emission lights penetrated the bottom 
glass substrate and the top PDMS layer. One set of a photo-detector and emission filter was placed on 
the top of the chip to collect 535 nm signals. Another set of a photo-detector and emission filter was 
placed at the bottom of the chip to collect 710 nm signals. There was an angle of 900 between the 
pathway of excitation light and the pathways of the two emission lights. Thus, the two different 
fluorescent signals were separated and captured by two separate photo-detectors. The precise 
alignment among the LED, the microfluidic chip and the photo-detectors was achieved by a precisely 
manufactured holder. 
It should be noted that the focusing lens is not used in this device. Because the distance between the 
LED and the detection spot is very short (less than 1.5 cm), the intensity of the excitation light is 
strong enough to activate the fluorescence of the particles. In the future work, for detecting smaller 
particles, a focusing lens will be considered to increase the excitation intensity for improving the 
sensitivity of the device. In this method, no special treatment is required for the PDMS chip and the 
channel surface. 
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Figure 4-2 (a) Schematic of the dual-wavelength optical detection system. (1) Bi-colour blue/red 
LED; (2) dual-wavelength excitation filter; (3) band-pass emission filter (535 nm); (4) photodiode 1; 
(5) band-pass emission filter (710 nm); (6) photodiode 2, (7) microfluidic chip. (b) A photograph of 
the optical detection system. 
4.2.3 Chip fabrication and sample preparation 
Polydimethylsiloxane is a Si-based organic polymer that is commonly used in soft lithography. It has 
some desirable properties such as optical transparency, flexibility and bio-compatibility. 
Polydimethylsiloxane (PDMS) microfluidic chip was fabricated by using the soft lithography 
protocol. The phototmask of the microfluidic chip was designed by using the AutoCAD software. A 
film of SU-8 negative photoresist was coated on a silicon wafer by using the spin-coater. After pre-
baking, the photomask bearing the microchannel geometry was placed on the SU-8 negative 
photoresist film tightly. Then, this wafer was exposed to UV (ultraviolet) light. After post-baking and 
developing, the master could be obtained. After that, A 10:1 (w/w) mixture of PDMS polymer base 
and curing agent which was degassed under vacuum was poured over the master and cured at 80oC 
for more than three hours. After this step, PDMS polymer was solidified on the master. After peeling 
off from the master, the PDMS model was punched to form reservoirs which are open to the air. 
Finally, the PDMS model and a glass slide were bonded tightly after exposing to oxygen plasma 
device for 30s to form the desired microchannels. 
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The fluorescent particles (excitation wavelength 480 nm, emission wavelength 520 nm, BD 
Biosciences, Fishers, IN, USA) were used in the visualization experiments. The estimated 
concentration of the particles was approximately ~106 mL−1 after dilution. For different experiments, 
different voltages (-100 V, -80 V, -60 V, -40 V) were applied at the two ends of the channel A-B, and 
0V was applied at point O. The electroosmotic flow was generated in the channel A-B and 
consequently a pressure gradient was produced in the main channel. All the images of particles’ 
motion were obtained by a CCD camera. 
To examine the dual-wavelength detection system, two different samples were used: (1) 7.0 µm 
Dragon Green fluorescent beads (Excited Wavelength 480 nm, emission wavelength 520 nm, BD 
Biosciences, Fishers, IN, USA) mixed with 7.0 µm Flash Red fluorescent beads (Excited Wavelength 
660 nm, emission wavelength 690 nm, BD Biosciences, Fishers, IN, USA), (2) RTS11 cells which 
are a monocyte/macrophage cell line derived from long-term spleen cultures of rainbow trout, 
Oncorhynchus mykiss.133-134 The size of this cell is from 7 µm to 15 µm. RTS11 were collected from 
the culture flasks and centrifuged at 500  g for 4 min. Then, the cell pellets were washed twice with 
phosphate-buffered saline (PBS). RTS11 cells were stained with one of the two fluorescent dyes: 
Calcein-AM (Invitrogen, NY, USA) and Alexa Fluor 647-conjugated phalloidin (Invitrogen, NY, 
USA). For Calcein-AM staining, RTS11 cells were incubated with 10 g/mL Calcein-AM in PBS for 
30 min, then washed five times with PBS and finally resuspended in 500 L of fresh PBS. For 
phalloidin staining, the cells were fixed with 3% paraformaldehyde in PBS for 20 min, permeabilized 
with 0.1% Triton X-100 for 10 min and washed once with PBS. Fixed cells were then incubated with 
3.3 M of Alexa Fluor 647-conjugated phalloidin for 30 min, and washed five times with PBS prior 
to being resuspended in 500 L of fresh PBS. At, last, Calcein-AM-stained cells and phalloidin-
stained cells were mixed. Different ratios of the two types of particles/cells used in the experiments 
are listed in Table 4-1. Prof. Niels Bols and his Ph.D student Nguyen Vo (Department of Biology, 
University of Waterloo) help me to prepare the cells and do the comparison tests of using the 
conventional flow cytometer. 
In the experiments, initially the reservoirs A, B and O were filled with 6 µL, 6 µL and 1.5 µL 
deionized water, respectively. When starting the test, 6 µL of the sample solution was loaded to the 
reservoir C. Three different voltages were applied in the reservoirs A, B and O, respectively, to 
generate electroosmotic flow in the channel A-B. The liquid flow and the motion of sample particles 
in the L-shaped channel were then produced by the induced pressure driven flow. In the experiments 
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of using cell samples, the reservoirs A, B and O were filled with 1X PBS buffer. Because the PBS 
buffer could generate undesired effects (e.g., bubbling) under higher electric field, lower voltages (-
50V) were applied at wells A and B.   
4.2.4 Experiment Setup 
The experimental setup consists of the following major components: a microfluidic chip, a 
fluorescent detection module, a two-stage amplification circuit, a DC power supply, and a data 
acquisition system as shown in Figure 4-3. The DC power supply (CSI12001X, Circuit Specialists 
Inc., USA) was used to control the voltages applied to the different electrodes. The optical signals 
detected by the photo-detectors (PD) were amplified by the two-stage amplification circuit, and were 
then processed by a custom-made LABVIEW program through a data acquisition board (PCI 6281, 
National Instruments, Austin, TX). The signal from the PD can be amplified by the two-stage 
amplifier circuit. The overall amplification gain of the two-stage amplification is A = A1A2, where A1 
and A2 are the gains of the first and the second stage amplifiers, respectively. To enhance the 
signal/noise ratio, an R-C low-pass filter circuit with a desired cut-off frequency was designed before 
the signal was collected by the Labview program. 
 
Figure 4-3 Illustration of the experimental system which consists of the microfluidic chip, a two-stage 
amplification circuit, a fluorescent detection system, DC power supplies, and a data acquisition 
system. 
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4.3 Results and Discussion 
In order to verify the effectiveness of the modified microchip, a series of experiments to measure the 
velocity of the particles’ motion were conducted first. Because the particles’ motion was caused by 
the electrokinetic-induced pressure-driven flow, therefore, the velocity of the particles should depend 
on the applied electrical field in the channel AB.  In this study, the chip was placed under a 
fluorescent microscope (AZ100, Nikon) with a high intensity illumination system and digital CCD 
cameras (DS-QilMc, Nikon and Retiga 2000R, Nikon). The particle’s velocity in the microchannel 
was determined by analyzing the captured images by imaging analysis software (NIS-Elements BR 
3.0).  Figure 4-4 presents the variation of the average velocity of the particles with the applied electric 
voltages at A and B. Under a given electric field, the velocities of 10 particles passing through the 
observed area were measured. Each data point in Figure 4-4 is the average value of the velocities of 
this group of particles in the same run. The electric potential at the reservoir O was kept at zero. From 
this figure, it is evident that the average velocity of the particles was linearly dependent on the applied 
voltage. By increasing the value of the applied voltage, the average velocity of the particles increased.  
 
Figure 4-4 The average velocity of the particles moving in the L-shaped channel under different 
voltages applied at the reservoirs A and B. 
The throughput of the particles is one of the important parameters of the microfluidic flow cytometry. 
Because of the pumping method used in this study, the speed of the particles is proportional to the 
applied electrical field in the channel AB.  In order to avoid Joule heating effect and other undesired 
effects (e.g., bubbling near the electrodes), a range of the applied voltage from 40 V to 80 V was 
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found to be appropriate in the experiment. This range of the applied voltage is the major factor 
limiting the velocity and the flow rate of the electro-osmotic flow in the channel A-B hence the flow 
rate and the particle throughput in the L-channel of this system. The throughput can be increased by 
using higher particle concentrations. However, increasing the concentration of sample may cause the 
problem of overlapping. That is, it is possible that two or more particles pass through the detection 
zone at the same time, resulting in overlapped signals. In order to reduce the chance of signal 
overlapping, dilute particle suspensions were used in this work for proving the concept.  The actual 
throughput was about 20~40 particles per minute. Therefore, when use high concentrations of particle 
solutions, an effective approach must be found for the flow focusing so that the problem of 
overlapping can be overcome thus the throughput is increased.  
Figure 4-5 shows an example of the detected signals of the dual-wavelength fluorescent detection 
module for a sample solution containing 7.0 µm Dragon Green fluorescent beads and 7.0 µm Flash 
Red fluorescent beads. The ratio of the Dragon Green fluorescent beads to the Flash Red fluorescent 
beads is 1 to 3. As shown in Figure 4-5, the magnitude of the peaks for 7.0 µm green fluorescent 
particle’s signal is approximately 4 V, and the magnitude of the peaks for 7.0 µm red fluorescent 
particle’s signal is approximately 2 V. One reason for the weaker red fluorescent signal is the 
excitation wavelength. The required maximum excitation wavelength of the Flash Red beads is 660 
nm; however the maximum excitation wavelength of the LED employed in this study is 635 nm. This 
difference in the excitation wavelength reduced the intensity of the emitted light from the Flash Red 
beads, because the intensity of the emitted light is directly proportional to the incident intensity 
required to excite the fluorophore. Moreover, the signals in Figure 4-5 (b) have a baseline at 
approximately -1 V, different from Figure 4-5 (a) where the baseline is at approximately 0 V. The 
different baselines are caused by the leakage of the background light. In our design, the LED light is 
parallel to the two emission filters, which will cause some light leakage. Although the emission filter 
is a band-pass filter, some background light still could pass through the filter. In the ideal situation, 
the baseline should be 0 V. Once the background light passes through the filter, the baseline will be 
decreased due to the designed circuit. The quality of the emission filter determines the level of the 
light leakage. The two emission filters come from two different companies, and their quality and 
performance are different. 
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Figure 4-5 An example of the detected signals from a sample containing 7.0 µm Dragon Green 
fluorescent beads (a) and 7.0 µm Flash Red fluorescent beads (b). The ratio of the Dragon Green 
fluorescent beads to the Flash Red fluorescent beads is 1 to 3.  
In order to examine the consistency and accuracy of the miniature two-wavelength fluorescent 
detection system developed in this study, mixtures of fluorescent particles were tested. Two groups of 
experiments were conducted with two different ratios of the particles. Each sample was tested at least 
3 times. Table 4-1 displays the number of detected particles by the dual-wavelength detection system. 
For comparison, the same sample was analyzed concurrently by a commercial FACSvantage Cell 
Sorting Flow Cytometer (Becton-Dickinson, San Jose, CA, USA). Table 4-1 also lists the results 
obtained by the commercial flow cytometer. As an example, Figure 4-6 shows the percentage 
distributions of the particles in experiments 1, 2 and 3, determined by using the commercial flow 
cytomter. As seen in Table 4-1, overall, the result demonstrated the dual-wavelength fluorescent 
detection system developed in our study has a good agreement with the commercial flow cytometer. 
Table 4-1 Comparison of the ratios of particles/cells detected by the device of this study and a 
commercial flow cytometer. PD stands for photo-detector. 
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Figure 4-6 The number counts for two fluorescent particles determined by a commercial flow 
cytometer. (a) The counting result for two different types of fluorescent particles in Exp. 1 in Table 1. 
(b) The counting result for two different types of fluorescent particles in Exp. 2 in Table 4-1. (c) The 
counting result for two different types of fluorescent particles in Exp. 3 in Table 4-1. 
While the miniaturized two-wavelength detection system was developed and has proved the concept 
in this study, further effort should be focused on increasing the sensitivity and achieving high-
 
Exp. 1 
green/red 
beads 
 Chip1 Chip2 Chip3 Std. dev. 
(CV%) 
Flow Cytometer 
PD 2, (635nm, 690nm) 43 35 35  22.5% 
PD 1, (488nm, 520nm) 136 126 100 77.5% 
  Ratio (percentage %) 31.6 28.6 35.0 3.20 
(10%) 
29.0 
 
Exp. 2 
green/red 
beads 
PD 2, (635nm, 690nm) 115 113 118  50.8% 
PD 1, (488nm, 520nm) 114 101 105 49.2% 
  Ratio (percentage %) 100.9 111.9 112.4 6.50 
(5.9%) 
103.3 
 
Exp. 3 
green/red 
cells 
  PD 1, (488nm, 520nm) 45 70 43  24.7% 
  PD 2, (635nm, 690nm) 129 190 135 75.3% 
  Ratio (percentage %) 34.9 36.8 31.9 2.47 
(7.1%) 
32.8 
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throughput capability. In order to minimize the volume and the cost, the optical detection system in 
this study uses a LED instead of the lasers, and simple photo-detectors instead of the photomultiplier 
tubes.  These may limit the sensitivity of the detection. For Now, 5 µm particles/cells can be detected. 
One possible way to increase the sensitivity may be the use of a UV/blue LED instead of the blue/red 
LED as the excitation light source. In comparison with the UV/blue fluorescence, the red/infrared 
fluorescence is much weaker under the same condition and it needs more energy to be excited.  In 
order to increase the throughput, higher particle concentrations are required. However, when the 
particle concentration is high in the suspension, the chance of particle overlapping in the detecting 
spot is increased, as observed in the experiments. Therefore, future research must consider how to 
introduce flow focusing into the microfluidic chip to solve this problem. In addition, in order to avoid 
overlapping or double counting of the particle, it should reduce the excitation beam size. However, 
due to the compact structure of this system, there is no space to add such a focusing lens. Future 
research will consider to integrate the focusing lens into the microfluidic chip.  
4.4 Concluding remarks 
A fluorescence-activated particle counting system is developed based on the electrokinetically-
induced pressure-driven flow and a miniaturized dual-wavelength fluorescent detection method. The 
microfluidic chip has a simple kernel structure of a main L-shaped microchannel and one pumping 
channel. The EOF flow in the pumping channel induces a pressure difference in the L-shaped 
microchannel to move the particles. The novel microfluidic chip eliminates the disadvantages of both 
the pressure pumping method and the electroosmotic pumping method. On the optical detection side, 
two excitation lights are provided by a single LED from one side of the microchannel and the two 
emission lights are captured by two photo-detectors from the top and the bottom of the chip. The 
advantages of this optical detection system is obvious. First, all the components are assembled into a 
small space. Second, it is easy to do the alignment. For each test, the step of optical alignment is 
eliminated. It only needs to replace the microfluidic chip. Third, the multiple fluorescent detection is 
realized by this system. It can detect one kind of fluorescent particles/cells and also can detect two 
different kinds of fluorescent particles/cells simultaneously. This design of the two-wavelength 
fluorescent detection system leads to a significant reduction of the volume and the cost, in 
comparison with other microfluidic fluorescent detection devices reported in literature.  
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Chapter 5 
Study of a Novel Flow Focusing Method in a Microfluidic Chip for 
Dual-wavelength Fluorescent Detection of Particles 
5.1 Introduction 
Nowadays, flow cytometer becomes an essential equipment in many fields, such as biology and 
medicine due to the high-throughput quantification of single particle and continuously counting and 
sorting the particles. However, conventional flow cytometer is large, complex, and expensive. 
Specially, the consumption of sample volume is huge. There is much interest in reducing operational 
cost, complexity of the system, and consumption of sample volume.135-139 Therefore, Lab-on-a-chip 
technique have been used to manipulate liquid flows on chips for counting and sorting particles or 
cells.140-145 
Replacing the flow chambers in conventional flow cytometer with the microfabricated flow cell is 
one of the most promising ways. Generally, the particle/cell focusing can be realized by two 
approaches: passive focusing146-150 and active focusing.151-161 In the first approach, it makes use of the 
converging channels to line particles or cells without additional energy source. In the latter approach, 
the external energy source such as pressure drop and electrical field must be used to drive the 
focusing stream. In our group, Xiangchun Xuan162 firstly investigated the electrokinetic focusing and 
the accelerated electrophoretic motion of focused particles and cells in microfluidic cross-channels. 
The effects of voltage ratio, particle size, particle property, and particle trajectory are examined. The 
electrokinetic manipulation of particle/cell in microchannels demonstrated in this work can be used to 
develop integrated lab-on-a-chip devices for the studies of cells. However, as mentioned in Chapter 2, 
the electrokinetic method may cause lots of problems such as pH change, bubbling, destroying cell 
membrane and so on. Therefore, in this chapter, a novel method based on the electrokinetic force to 
generate the sheath flows for flow focusing is proposed.  
5.2 Principle of flow focusing method 
A schematic diagram of the proposed method is shown in Figure 5-1. The flow focusing system 
consists of a T-shaped main microchannel and two T-shaped branch mirochannels. The channel A-B 
is used as an electro-osmotic pump where the electro-osmotic flow is generated by applying DC 
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(direct current) voltages via electrodes inserted in reservoirs A, B and O. The direction of the EOF 
(electro-osmotic flow) is from O to both A and B due to the polarity of the electrodes shown in Figure 
5-1.  The channels C-D and C’-D’ also are used as two electro-osmotic pumps. The direction of the 
EOF is from both C (C’) and D (D’) to the O’ (O’’) due to the reversed polarity of the electrodes 
shown in Figure 5-1.   
After applying the voltages on these reservoirs, the EOF is generated in the channel A-B, C-D and C’-
D’. As shown in Figure 5-1, the green arrows show the direction of the flow which is pumped into 
reservoirs A and B continuously. As mentioned in Chapter 3 and 4, the cross-junction area near the O 
has a negative pressure which may induce a pressure-driven flow in the main vertical channel. 
Meanwhile, the liquid is pushed into the two branch channels from the reservoirs C, D, C’ and D’ due 
to the EOF generated in the channels C-D and C’-D’, as shown in Figure 5-1 by the purple and 
yellow arrows. Because of the electrokinetically-induced pressure-driven flow in the vertical channel, 
there are three flow streams are formed: two sheath flows and the sample stream. These two sheath 
flows are sucked into vertical microchannel along the channel wall. The sample steam (red arrows) 
from the sample inlet will then be squeezed by these two sheath flows. By using this method, the flow 
focusing is easily realized without moving parts, external tubing, valves and syringe pumps. 
5.3 Theory 
In this section, formulas are developed to predict the focused stream in the proposed method. The 
structure of the microchannel is shown in Figure 5-1. According to the fluidic continuity, for a fixed 
period of time, how much volume of the liquid is pumped into the microsystem means how much 
volume of the liquid will flow out the microsystem. It can be described by the flow rate: 
𝑸𝒊𝒏 = 𝑸𝒐𝒖𝒕                                                                                                                                        (5-1) 
In this microchip, we can make sure that the liquid flows into the microchannel from the inlet C, D, 
C’ and D’. The liquid is pumped out from the outlet A and B due to the direction of the net flow. 
However, the flow direction of the sample inlet is unknown, which is determined by the difference 
between the net inflow and the net outflow. However, it should be noted that the liquid should flow 
out from the sample inlet in our study. Thus, the sample inlet is assumed as a part of Qin. After 
applying the voltages at the reservoirs, EOF is generated in the channel A-B, C-D and C’-D’. 
According to the fluidic continuity, it can be described by Equation (5-1):  
𝑸𝑨 + 𝑸𝐁 = 𝑸𝑪 + 𝑸𝑫 + 𝑸𝑪′ + 𝑸𝑫′ + 𝑸𝒙                                                                                         (5-2) 
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where QA, QB, QC, QD, QC’, QD’ and Qx are the flow rate at the outlet A and B, inlet C, D, C’ and D’ 
and sample inlet, respectively. 
The channels A-B, C-D and C’-D’ are perfectly symmetric, therefore, Equation (5-2) can be rewrote 
as 
𝟐 ∙ 𝑸𝑨 = 𝟒 ∙ 𝑸𝑪 + 𝑸𝒙                                                                                                                        (5-3) 
The zeta potential at the non-conducting channel wall ζw is constant and the value depends on the 
properties of the solid material and the liquid solution. According to Helmholtz–Smoluchowski 
formula, the electro-osmotic flow velocity is 
?⃗? = ?⃗? 𝐞𝐨 = −
𝛆𝟎𝛆𝐫𝛇𝒘
𝛍
?⃗? = −
𝛆𝟎𝛆𝐫𝛇𝐰
𝛍
𝑽
𝒅
                                                                                                    (5-4) 
where V is the applied voltage between the electrodes and d is the distance separating the electrodes, 
ε0 and εr are the dielectric constant in vacuum and the dielectric constant of the solution, respectively. 
If k is used to represent the constants, the Equation (5-4) can be rewritten as 
{
𝒗𝒆𝒐𝒇 = 𝒌 ∙ 𝑽
𝒌 = −
𝜺𝟎𝜺𝒓𝜻𝒘
𝝁∙𝒅
                                                                                                                                     (5-5) 
As mentioned in Chapter 3, a pressure-driven backward flow is generated in the channel A-B after 
applying the electric field. This backward flow can reduce the net flow velocity.  However, from the 
simulation result, it is found that decreasing the cross-section area of the horizontal channel can 
increase the net flow velocity. Here, the influence of the pressure-driven backward flow in the 
horizontal channel is ignored. It is assumed that the net flow velocity is equal to the EOF velocity. 
The flow rate is only determined by the EOF generated in the channel A-B, C-D and C’-D’, it can be 
calculated as 
{
𝑸𝑨 = 𝒗𝒆𝒐𝒇−𝐀  ∙ 𝑨 = 𝒌 ∙ 𝑨 ∙ 𝑽𝑨
𝑸𝑪 = 𝒗𝒆𝒐𝒇−𝐂  ∙ 𝑨 = 𝒌 ∙ 𝑨 ∙ 𝑽𝑪
                                                                                                         (5-6) 
Where A is the cross section area of the channels A-B, C-D and C’-D’ (We use the same cross section 
area for the channels A-B, C-D and C’-D’). VA and VC are the applied voltages at A and C. If Equation 
(5-6) is substituted into Equation (5-3), it can be rewritten as  
𝑽𝑨 = 𝟐 ∙ 𝑽𝑪 +
𝑸𝒙
𝟐∙𝒌∙𝑨
                                                                                                                            (5-7) 
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From Equation (5-7), the relationship among the applied voltages can be obtained. There are three 
possibilities. 
I. If VA = 2VC, Qx = 0. There is no liquid flowing into or flowing out of the sample inlet. 
II. If VA < 2VC, Qx < 0. It means that part of the liquid flows into the sample inlet. 
III. If VA > 2VC, Qx > 0. It means that the liquid flows out of the sample inlet. 
 
Figure 5-1 Schematic diagram of the proposed method to generate electrokinetically-induced 
pressure-driven flow and two sheath flows. 
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5.4 Numerical study 
Numerical model was studied to prove the proposed focusing method. In this study, COMSOL 
MULTIPJHYSICS 4.2a was used to solve this numerical model. 800000 elements or more were used 
in all simulations to avoid the grid dependence. The numerical studies consist of two main parts. In 
the first part, it is desired to investigate the effectiveness of the proposed method of generating 
focusing flow in the T-shaped channel. In the second part, the motion of the particles is studied in the 
T-shaped channel. 
5.4.1 Physical modeling 
 Electric field 
Once the voltages are exerted at the inlets of the system, the applied potential through the system is 
governed by Laplace’s equation.  
2
0e                                                                                                                                            (5-8) 
And the local applied electric field strength is  
eE                                                                                                                                             (5-9) 
The boundary conditions of the electric field are 
0en    at the channel walls                                                                                                     (5-10) 
1e    at inlet C, D, C’ and D’                                                                                                 (5-11a) 
2e    at outlet A and B                                                                                                           (5-11b) 
0e    at Point O, O’ and O’’                                                                                                     (5-11c) 
 Velocity field 
The velocity field is governed by the continuity equation and the momentum equation 
 0U                                                                                                                                          (5-12) 
2
e
U
U U P U E
t
  
 
       
 
                                                                                    (5-13) 
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where  and  are the density and viscosity of the liquid, U is velocity, e is the local net charge 
density, P is the pressure gradient. Considering a steady flow, and no pressure driven force, the 
boundary conditions are 
0P     at inlets and outlets                                                                                                            (5-14) 
0P    in the whole flow field                                                                                                     (5-15) 
Because the net charge density is non-zero only in the double layer, the body force eE is zero except 
in the double layers. The flow is driven by the interaction force between the applied electrical field 
and the net charge in the double layers. Generally the thickness of the EDL (electrical double layer) is 
negligible in comparison with the size of the microchannel. Therefore, there is no need to solve the 
flow field in the thin EDL. Instead, the velocity in the EDL is considered a constant and used as a slip 
velocity boundary for the flow field in the microchannel. The slip velocity boundary conditions are: 
?⃗⃗? = ?⃗⃗? 𝒆𝒐 = −
𝜺𝟎𝜺𝒓𝜻𝒘
𝝁
?⃗⃗?   at non-conducting walls                                                                             (5-16) 
Since the length of the incoming channels and the branch channels are assumed long enough, the inlet 
and outlet boundaries have no effect on the flow field. 
 Concentration field 
The concentration field of species is described by 
2C
U C D C
t

   

                                                                                                                   (5-17) 
where C is the concentration, D is the diffusion coefficient.  
The boundary conditions are  
0C C   at sample inlet ,                                                                                                               (5-18a)
0C    at inlet C, D, C’ and D’                                                                                                     (5-18b) 
0 0t
C
n
 

   at all the walls                                                                                                            (5-18c) 
and the initial concentration in the system is 
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0 0tC                                                                                                                                           (5-18d) 
 Motion of particle 
The motion of particles is defined by Newton’s second law 
𝐦
𝒅𝟐𝒙
𝒅𝒕𝟐
= 𝐅(𝒕, 𝒙,
𝒅𝒙
𝒅𝒕
)                                                                                                                           (5-19) 
where x is the position of the particle, m the particle mass, and F is the sum of all forces acting on the 
particle. The density of the real particles used in the experiments is about 1.06 g/cm2, which is very 
close to the density of water (1 g/cm2). Therefore, the particles are considered to suspend in the water. 
In the simulation, the gravity is ignored. Brownian motion is a body force which leads to random 
motion of particles. The Péclet number163 gives the relative importance of hydrodynamic forces to 
Brownian motion. The Péclet number can be expressed by the Equation: 
𝑷𝒆 =
𝑼𝑳
𝑫
                                                                                                                                           (5-20)        
where L is the characteristic length, U the velocity, D the diffusion coefficient. If the Péclet number > 
1, it means that hydrodynamic forces are dominant. For a sphere of one micron diameter in water at 
room temperature, D is around 0.44 µm2/sec.164 In the present study, the diffusion coefficient D 
should be an order of magnitude lower than that of one micron diameter sphere due to the large size 
of the particle (7-10 µm). Therefore, the Péclet number is much bigger than 1. The effect of Brownian 
motion is ignored in this study. 
The following parameters are used in the study: 
 One pumping channel A-B of 25 µm in width and 1cm in length; the main vertical channel of 
100 µm (50 µm ) in width and 5 mm in length;  
 The microchannels C-D and C’-D’ of 25 µm in width and 1cm in length; the branch of 200 
µm in width and 3 mm in length; 
 The height of the channel is 25 µm. 
 The work solution is water. The density of water ρ is 1000 kg/m3, the viscosity of water is µ 
is 10-3 kg/m·s, the relative permittivity ε is 80; the zeta potential ζw is -0.04V. 
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5.4.2 Result and discussion 
 Situation 1 — No voltage is applied at the outlet A, B and a certain voltage is applied at the 
inlet C, D, C’ and D’ 
In this case, there is no EOF flow in the channel A-B since no voltage is applied. Meanwhile, 50 V is 
applied at the inlet C, D, C’ and D’ and 0 V is applied at Point O’ and O’’. The liquid are pumped 
into the branches from the inlet C, D, C’ and D’ continuously due to the EOF flow. Since the cross-
section of the channel A-B is very narrow (25 µm), the flow resistance of it will be huge. Thus, the 
liquid will flow into the sample inlet. From the simulation result shown in Figure 5-2, it can be seen 
that if there is no pumping force in the channel A-B, the liquid will not flow into the vertical channel. 
 
Figure 5-2 The velocity profile in the T-shaped microchannel. The red vectors and stream line show 
the direction of the flow field (50 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
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 Situation 2 — No voltage is applied at the inlet C, D, C’, D’ and a certain voltage is applied 
at the outlet A, B 
In this case, there is no EOF flow in the channel C-D and C’-D’ because no voltages are applied. 
Therefore, there is no liquid being pumped into the branches from the inlet C, D, C’ and D’. 
Meanwhile, -50 V is applied at the outlet A, B and 0 V is applied at Point O. The liquid are pumped 
out from the outlet A and B continuously due to the EOF flow. From the result shown in Figure 5-3, 
we see that in this situation, most of the liquid is sucked from the sample inlet. There is no sheath 
flow generated from the branch T-shaped channels. 
 
Figure 5-3 The velocity profile in the T-shaped microchannel. The red vectors and stream line show 
the direction of the flow field (-50 V at A, B and 0 V at Point O). 
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 Situation 3 — voltages are applied at the outlet A, B and the inlet C, D, C’ and D’ 
In this case, the voltages are applied at the outlet A, B and the inlet C, D, C’ and D’ based on 
Equation (5-7). The simulation results are highly corresponding to the mathematical analysis. Figure 
5-4 shows that if VA = 2VC, there is no liquid flowing into or flowing out of the simple inlet. The 
velocity vectors and streamlines indicate that only the liquid which comes from the two branches will 
flow into the vertical channel. In addition, if VA < 2VC, the liquid which comes from two branches 
will not only flow into the vertical channel, but also flow into the simple inlet (Figure 5-5). However, 
when VA > 2VC, the liquid flows out of the sample inlet. From Figure 5-6, we can see that in the 
vertical channel, there are three streams. Two streams come from the two branches and one stream 
comes from the sample inlet. It is obvious that the liquid flowing from the sample inlet is squeezed in 
the vertical channel by the two sheath flows which come from two branches. The complicated 
calculation of concentration field in such microchannel networks has been done for a better 
visualization, as shown in Figure 5-4 to Figure 5-6. 
From the above simulation results, it is distinctly shown that the effect of the flow focusing is 
controlled by the applied voltages at different reservoirs. Actually, this is a pushing-sucking process 
in the microchannel network. The channel A-B is used as the pump to generate the sucking force. 
While the two branch channels push the liquid into the main vertical channel, the liquid is sucked out 
by the EOF pump.  
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Figure 5-4 The velocity profile in the T-shaped microchannel. The red vectors and stream line show 
the direction of the flow field. The bottom plot shows the concentration field in the in the T-shaped 
microchannel (-100 V at A, B and 0 V at Point O; 50 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
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Figure 5-5 The velocity profile in the T-shaped microchannel. The red vectors and stream line show 
the direction of the flow field. The bottom plot shows the concentration field in the in the T-shaped 
microchannel (-75 V at A, B and 0 V at Point O; 50 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
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Figure 5-6 The velocity profile in the T-shaped microchannel. The red vectors and stream line show 
the direction of the flow field. The bottom plot shows the concentration field in the in the T-shaped 
microchannel (-150 V at A, B and 0 V at Point O; 50 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
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 Situation 4 — The simulation of the motion of particles in the vertical channel 
This study considers the three-dimensional transient motion of the particles in the proposed T-shaped 
rectangular microchannel. The objective is to obtain a fundamental understanding of the 
characteristics of the particle motion in the complicated T-shaped microchannel. The simulation 
model and parameters are mentioned previously. First, the flow field and the electrical field are 
solved. Then, the particles are released from the sample inlet. This simulation describes the transient 
motion of the particles as it will move with the fluidic flow in the vertical channel. Moreover, it also 
illustrates how the particles are focused in the center line of the vertical channel by the two sheath 
flows. Figure 5-7 shows the sequential images of the simulation of particle’s motion in the vertical 
channel. As mentioned before, the particle motion is caused by the continuous electrokinetically-
induced pressure-driven flow in the channel. In Figure 5-7, it is shown that the initial position of the 
particles is at the entry of the sample inlet and the initial velocity of them is zero. For a good 
visualization, we assume that 1000 particles (the diameter of particle is 10 µm) are released. When 
the electric potentials are applied at the outlets and inlets, the particles begin to move. It is obvious 
that a parabolic velocity profile of the particles is formed due to the electrokinetically-induced 
pressure-driven flow. When the particle stream enters into the vertical channel, it is squeezed by the 
two sheath flow immediately.  
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Figure 5-7 Sequential images of the simulation of particle’s motion in the channel. 1000 particles of 
10 µm diameter are released at the sample inlet (-150 V at A, B and 0 V at Point O; 50 V at C, D, C’, 
D’ and 0 V at Point O’ and O”). 
 Situation 5 — The simulation of the flow focusing effect with applied electric potentials 
In developing the current theoretical models for predicting the width of the two-dimensional 
hydrodynamically focused streams in rectangular microchannels, this study makes the following 
assumptions: the flow in the microchannels is steady and laminar; the microchannel is filled with 
water; the inlet, side and outlet channels are of the same height. In this case (Figure 5-1), the width of 
the focus stream is accurately approximated by a ratio of the flow rates with: 
𝒘𝒇
𝒘
=
𝑸𝒙
𝑸𝒙+𝟐∙𝑸𝒃
                                                                                                                                    (5-21) 
where Qb and Qx are the flow rate at branch channel and sample inlet, respectively. wf and w are the 
width of the focusing stream and the width of vertical channel (100 µm). In symmetric hydrodynamic 
flow focusing in rectangular microchannel, the flow rates from the two side channels are equal, i.e. Qb 
= QC + QD. According to Equation (5-3) and (5-6), Equation (5-21) can be rewrote as 
𝒘𝒇
𝒘
=
𝑸𝒙
𝑸𝒙+𝟒∙𝑸𝑪
= 𝟏 − 𝟐 ∙
𝑸𝑪
𝑸𝑨
= 𝟏 − 𝟐 ∙
𝑽𝑪
𝑽𝑨
                                                                                         (5-22) 
where QA and QC are the flow rate at the outlet A and the inlet C. VA and VC are the applied voltages at 
the outlet A the inlet and C. From Equation (5-22), it is very easy to predict the width of the flow 
focusing stream. For example,  
 -100 V is applied at outlet A and 50 V is applied at inlet C, 
𝑽𝑪
𝑽𝑨
=
𝟏
𝟐
 ,
𝒘𝒇
𝒘
= 𝟎,𝒘𝒇 = 0 µ𝑚  
 -150 V is applied at outlet A and 50 V is applied at inlet C, 
𝑽𝑪
𝑽𝑨
=
𝟏
𝟑
 ,
𝒘𝒇
𝒘
=
𝟏
𝟑
, 𝒘𝒇 = 33.3 µ𝑚 
 -200 V is applied at outlet A and 75 V is applied at inlet C, 
𝑽𝑪
𝑽𝑨
=
𝟑
𝟖
 ,
𝒘𝒇
𝒘
=
𝟏
𝟒
, 𝒘𝒇 = 25 µ𝑚 
 -300 V is applied at outlet A and 125 V is applied at inlet C, 
𝑽𝑪
𝑽𝑨
=
𝟓
𝟏𝟐
 ,
𝒘𝒇
𝒘
=
𝟏
𝟔
, 𝒘𝒇 = 16.67 µ𝑚 
From the above theoretical analysis, it is clearly shown that the width of the flow focusing stream is 
controlled by the applied voltages. With increasing the applied voltage at the horizontal channel 
(correspondingly, increasing the applied voltage at the branch channels), the flow focusing stream is 
getting narrow. In the experiments, the applied voltages can be easily determined by the size of the 
particle. 
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In the numerical study, to prove the theoretical analysis, the different voltages are applied at the inlet 
and outlet to investigate how the applied voltages can influence the focusing stream. According to the 
Equation (5-7), the focusing flow can be formed provided by VA > 2VC. Here, -150 V, -200 V and -
300 V are applied at outlets A, B, respectively. 50 V, 75 V and 125 V are applied at inlets C, D, C’, 
D’, respectively. For a good visualization, we consider that 1000 particles (diameter is 10 µm) are 
released from the sample inlet. Figure 5-8 illustrates the top view of the particle’s motion under three 
different conditions. In the previous simulations, Figure 5-4 shows that if VA = 2VC, there is no liquid 
flowing into or flowing out the simple inlet. From the above calculation, if VA = 2VC, the width of the 
flow focusing stream is 0 µm. From Figure 5-8 (a), the focusing stream occupies approximately 1/3 of 
100 µm width of vertical channel. When increasing the applied voltages, the width of the focusing 
stream is decreasing. In Figure 5-8 (c), the width of the focusing stream is squeezed to approximately 
1/6 of 100 µm width of vertical channel. The theoretical analysis is highly agreed with the simulation 
results. 
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Figure 5-8 The top view of the vertical channel and the particle’s motion. The red dashed lines show 
the focusing steam. The black dashed line is the center line of the vertical channel. (a) -150 V is 
applied at A, B and 0 V is applied at Point O; 50 V is applied at C, D, C’, D’ and 0 V is applied at 
Point O’ and O”. (b) -200 V is applied at A, B and 0 V is applied at Point O; 75 V is applied at C, D, 
C’, D’ and 0 V is applied at Point O’ and O”. (c) -300 V is applied at A, B and 0 V is applied at Point 
O; 125 V is applied at C, D, C’, D’ and 0 V is applied at Point O’ and O”. 
5.5 Experimental study 
According to the simulation result, the novel flow focusing approach proposed has proven to be 
capable of focusing the particles in the T-shaped microchannel. In this section, the experimental 
results for verifying this novel approach is demonstrated. The experimental results have proved this 
method in this section. The particles are successfully focused in the microchannel based on the 
electrokinetically-induced pressure-driven flow.  
5.5.1 Material and solution 
In this experimental study, fluorescent particles and non-fluorescent particles of different sizes are 
used for visualizing the phenomenon: (1) 7.0 µm Dragon Green fluorescent beads (Excited 
Wavelength 480 nm, emission wavelength 520 nm, BD Biosciences, Fishers, IN, USA) mixed with 
7.0 µm Flash Red fluorescent beads (Excited Wavelength 660 nm, emission wavelength 690 nm, BD 
Biosciences, Fishers, IN, USA), (2) carboxyl polymers microspheres (Bangs Laboratories Inc., 
Fishers, Canada) of 0.5 μm in diameter. For the flow visualization, Rhodamine B solution was used 
as an indicator, excitation and emission light wavelength of which are 540 and 625nm, respectively. 
Initially, the microchannel chip was filled with DI water.  
5.5.2 Chip fabrication 
A polydimethylsiloxane (PDMS) microfluidic chip is fabricated by using the soft lithography 
protocol (Figure 3-9). First, a master is prepared by spin coating a film of SU-8 negative photoresist 
onto a silicon wafer. After pre-baking, a photomask bearing the microchannel geometry is placed on 
the top of the film. The photoresist film covered with the mask is then exposed to UV light. After 
post-baking and developing, a master could be obtained. A 10:1 (w/w) mixture of PDMS polymer 
base and curing agent is then poured over the master and cured at 750C for 3h after being degassed 
under vacuum. After this step, the PDMS slab is solidified on the master and then peeled off from the 
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master. Reservoirs are punched on the PDMS slab at the designed locations. Finally, the PDMS slab 
and a glass slide are bonded tightly after treating them in an oxygen plasma device for 30s to form the 
desired microchannel chip. In this design, the depth of the microchannels is 25m. 
5.5.3 Chip design 
A schematic diagram and a photograph of the novel fmicrofluidic chip for flow focusing are shown in 
Figure 5-9. The fluidic control system consists of ten reservoirs A, B, C, D, C’, D’, O, O’, O’’ and 
sample inlet, one main vertical microchannel of 100 µm in width and 5 mm in  length, and three 
pumping channel A-B, C-D and C’-D’of 25 µm in width and 1cm in length, two branches of 200 µm 
in width and 3 mm in length. There is a neck channel of 100 µm in width and 100 µm in length to 
connect the microchannels with reservoir O, O’ and O’’. The diameter of reservoirs A, B, C, D, C’, 
D’, sample inlet and O, O’, O’ are 3 mm, 3 mm, 3 mm, 3 mm, 3 mm, 3 mm, 3 mm and 1.5 mm, 1.5 
mm, 1.5 mm, respectively. The reservoirs and the channels are initially filled with a buffer solution. 
The particle sample solution is added to the sample inlet finally. 
5.5.4 Experimental setup and operation 
The experimental workstation consisted of the following major components: the microfluidic chip, a 
fluorescence microscope and image system, three DC power supplies and a data acquisition system, 
as shown in Figure 3-11. The microfluidic chip was fixed on the observation platform of the 
microscope. The DC regulated power supply (CSI12001X, Circuit Specialists Inc., USA) was used to 
control the voltages applied to the different electrodes. A fluorescent microscope (AZ100, Nikon) 
with a high intensity illumination system and two kinds of the CCD camera (DS-QilMc, Nikon and 
Retiga 2000R, Nikon) was used to visualize the motion of the liquid (dye solution) and the 
particles/cells inside the microchannel. The images were captured by the digital camera and digitized 
by the computer software (NIS-Elements BR 3.0). 
The dye solution was used in the visualization experiments. Initially the reservoirs A, B, C, D, C’, D’ 
and O, O’, O’’ were filled with 6 L and 1.5 L of DI water, respectively. To start the experiment, 6 
L of the sample solution was loaded to the sample inlet so that there was no pressure difference 
among these reservoirs. By applying different voltages at the two ends of the channel A-B, C-D, C’-
D’and 0 V at O, O’, O’’, electro-osmotic flow was generated in the channels and consequently a 
pressure gradient and two sheath flows were produced in the vertical channel. All the images were 
obtained by a CCD camera.  
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Figure 5-9 (a) Schematic diagram of a new method to generate electrokinetically-induced pressure-
driven flow and two sheath flows in a microchannel. (b) A photograph of the microfluidic chip. 
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5.5.5 Experimental results 
 Demonstration of the focusing effect in the vertical microchannel 
To demonstrate that the liquid can be focused at the vertical channel by the applied electric fields, 
Rhodamine B was used as a tracer to visualize the flow field in the vertical channel. Figure 5-10 
shows the fluorescent image and simulation image of the vertical channel during the dye solution 
traveling. As shown in Figure 5-10, the dye solution stream flows into the vertical channel due to the 
electrokinetic-induced pressure-driven flow and is focused by the two sheath flows. The highly close 
agreement is obtained between the experimentally observed fluorescent images and the simulated 
concentration field. This comparison is a strong evidence to prove our concept of the flow focusing. 
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Figure 5-10 (a) A fluorescent image of flow focusing effect in the vertical microchannel. (b) A 
simulation image of flow focusing effect in the vertical microchannel (-150 V at A, B and 0 V at 
Point O; 50 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
According to the Equation (5-7), the flow focusing can be formed when provided by VA > 2VC. The 
lower and higher limits of the voltage are applied at the inlets and outlets to investigate the flow 
focusing phenomena. In this experiment which is shown in Figure 5-11, the voltage VA applied to the 
outlet channel was fixed at 100 V, while the voltage at the branch channel was fixed at 25 V 
(accordingly, VA > 2VC ). From Figure 5-11, we can see that the dye solution stream is much wider 
than the dye solution stream which is shown in Figure 5-10 due to the decreasing of the pumping 
force in the horizontal channel and the pushing force in the branch channels. 
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Figure 5-11 (a) A fluorescent image of flow focusing effect in the vertical microchannel. (b) A 
simulation image of flow focusing effect in the vertical microchannel (-100 V at A, B and 0 V at 
Point O; 25 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
 Demonstration of the focusing effect of microspheres in the vertical channel  
Figure 5-12 shows the microscope images of 7 m microspheres focused by the two sheath flows in 
the vertical channel. In addition, a comparison between the numerically simulated focusing process 
and the experimentally observed focusing process is shown in this figure. Clearly, the numerical 
simulation is in a good agreement with the experimental results. Figure 5-13 demonstrates the 
focusing effect of 7 m diameter microspheres in the different width of vertical channel. It is 
obviously seen that the particle stream occupies about 1/3 of both 100 m width of vertical channel 
(Figure 5-13 (a)) and 50 m width of vertical channel (Figure 5-13 (b)) under the same voltage 
condition (-150 V at A, B and 0 V at Point O; 50 V at C, D, C’, D’ and 0 V at Point O’ and O”). This 
result also is highly corresponding to the simulation result. 
In the simulation result shown in Figure 5-8, the flow focusing effect can be improved by increasing 
the applied voltages at the reservoirs. In this experiment, the applied voltage at A, B is increased to 
300 V and relevantly the applied voltage at C, D, C’, D’ is increased to 125 V, which is the same as 
the setup in the simulation. Obviously, as shown in Figure 5-14 (a), the particle (0.5 m) stream is 
squeezed greatly by these two sheath flow, which highly agrees with the simulation result. However, 
when the applied voltage at C, D, C’, D’ is reduced to 60 V, the particle stream is much wider as 
shown in Figure 5-14 (b).  
The flow focusing effect is determined by both the sucking force generated in the channel A-B and 
the pushing force generated in the channel C-D and C’-D’. The relationship between them is decided 
by the equation VA > 2VC. However, if the 2VC is much lower than VA, the flow focusing effect is 
weaker. Therefore, in the application, if we increase VA to enhance the velocity of the particle, we 
must increase VC for the best flow focusing effect. 
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Figure 5-12 (a) - (d) A series of images of the motion of 7 m microspheres (-150 V at A, B and 0 V 
at Point O; 50 V at C, D, C’, D’ and 0 V at Point O’ and O”). (e) - (h) A series of simulation images 
of the motion of 7 m microspheres (-150 V at A, B and 0 V at Point O; 50 V at C, D, C’, D’ and 0 V 
at Point O’ and O”). 
 
Figure 5-13 The focusing effect of 7 m diameter microspheres in the vertical channel. (a) The width 
of the vertical channel is 100 m (-150 V at A, B and 0 V at Point O; 50 V at C, D, C’, D’ and 0 V at 
Point O’ and O”). (b) The width of the vertical channel is 50 m (-150 V at A, B and 0 V at Point O; 
50 V at C, D, C’, D’ and 0 V at Point O’ and O”). 
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Figure 5-14 The focusing effect of 0.5 m diameter microspheres in the vertical channel. (a) The 
comparison between the experimental result and the simulation result for the flow focusing effect (-
300 V at A, B and 0 V at Point O; 125 V at C, D, C’, D’ and 0 V at Point O’ and O”). (b) The 
comparison between the experimental result and the simulation result for the flow focusing effect (-
300V at A, B and 0 V at Point O; 60 V at C, D, C’, D’ and 0 V at Point O’ and O”). The width of the 
vertical channel is 100 m. 
 The relationship between the velocity of the particle and the applied voltage at the 
horizontal pumping channel and the branch channels 
The motion of the particle is caused by the electrokinetic-induced pressure-driven flow. Therefore, 
the velocity of the particle can be controlled by the electrical field intensity. To verify this point, a 
series of experiments were conducted by applying different voltages at the inlets and outlets to 
estimate the average velocity of the particles. Figure 5-15 presents the variation of the average 
velocity in the vertical channel with respect to the applied electric voltages at the inlets and outlets. 
The electric potential at the point O, O’ and O’’ is kept at zero. From this figure, it is evident that the 
average velocity of the particle is linearly dependent on the applied voltage. By increasing the 
magnitude of the applied voltage, the average velocity of the particle can be increased. 
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Figure 5-15 The estimation of the average velocity of the particles in the vertical channel with 
different applied voltages. 
 Simultaneous counting of two different fluorescent particles 
Flow focuser is a very important component in the flow cytometer. Keeping the particles/cells near 
the center of the channel has lots of benefits for the microfluidic flow cytometer. It can reduce the 
chance of channel clogging and absorption to the channel wall. It also can reduce the coincidental 
errors such as many particles/cells passing the interrogation area at the same moment. Besides, flow 
focusing can increase the speed of particle/cell in the channel, which can help to enhance the accuracy 
and throughput of flow cytometer. Table 5-1 displays the number of detected particles by the dual-
wavelength optical detection method in the novel flow focusing microchip. Compared with the 
experiments mentioned in Table 4-1, the throughput of the flow focusing chip at least has a 
significant increasing of 50% under the same sample concentration.  
Table 5-1 Comparison of the ratios of particles/cells detected by the device of this study and a 
commercial flow cytometer. PD stands for photo-detector. (-300 V is applied at A, B and 0 V is 
applied at Point O; 125 V is applied at C, D, C’, D’ and 0 V is applied at Point O’ and O”.) 
 
 
 
 
 
5.6 Concluding remarks 
In this chapter, a novel flow focusing method is demonstrated which allows for the hydrodynamic 
focusing in a T-shaped microchannel with two sheath flows. Sample stream and sheath flow flowing 
through the T-shaped microchannel are generated by the electrokinetically-induced pressure-driven 
flow. The sheath flow wraps the sample flow, resulting in the sample flow to be focused in the 
vertical channel. From the numerical simulation and experimental results, the effect of the flow 
focusing and the flow rate of the focusing stream can be controlled by modulating the applied 
voltages. Compared to other flow focusing methods, this novel approach significantly reduces the 
number of required components such as syringe pump, tubes and the complexity of fabrication for 
hydrodynamic focusing, and enables an easy integration with other microfluidic components. 
 
Exp.  
green/red 
beads 
 Chip1 Chip2 Chip3 Std. dev. 
PD 1, (488nm, 520nm) 88 118 126  
PD 2, (635nm, 690nm) 267 326 404 
Ratio (percentage %) 32.9 36.1 31.1 2.53 
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Chapter 6 
Conclusions and Future Work 
6.1 Contributions of this thesis 
This thesis dealt with the underlying concepts of the microfluidic flow cytometry system. Key 
contributions may be summarized as follows:  
 A novel approach is firstly proposed for generating a continuous pressure-driven flow and 
transporting the particles or biological cells in the T-shaped microchannel by using the 
electrokinetically-induced pressure-driven flow method. Thus, the shortcomings of the 
electrokinetical force and the pressure pumping force are avoided when they are employed 
individually. Moreover, syringe pumps, tubing and valves for liquid handling can be avoided 
and it is easily to be integrated in the microfluidic device. This is one of the most important 
contributions of the current study. 
 A novel miniaturized dual-wavelength fluorescent detection method is introduced for particle 
counting in microfluidic flow cytometry system. The system developed in this study can 
detect and count two different fluorescent particles simultaneously. The design of the two-
wavelength fluorescent detection system leads to a significant reduction of the volume and 
the cost, in comparison with other microfluidic fluorescent detection devices reported in 
literature. This is the second contribution of the current study. 
 Based on the electrokinetically-induced pressure-driven flow, a novel method for the flow 
focusing is firstly proposed and realized. This approach allows the hydrodynamic focusing in 
a T-shaped microchannel with two sheath flows. Compared with other flow focusing 
methods, this novel approach significantly reduces the number of required components such 
as syringe pump, tubes and the complexity of fabrication for focusing, and enables an easy 
integration with other microfluidic components. This is the third contribution of the current 
study. 
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6.2 Publications  
 Journal articles 
1 Hai Jiang, Xuan Weng, Dongqing Li. Dual-wavelength fluorescent detection of particles on a 
novel microfluidic chip. Lab Chip, 2013, 13, 843-850. 
2 Xuan Weng, Hai Jiang, Dongqing Li. A miniaturized system for rapid and quantitative detection of 
Cocaine metabolite by homogeneous enzyme immunoassay. Forensic Science International, 2013, 
DOI:10.1080/10739149.2013.780251. 
3 Xuan Weng, Hai Jiang, Dongqing Li. An electrokinetically-controlled RNA-DNA hybridization 
assay for foodborne pathogens detection. Microchimica Acta, 2012, DOI: 10.1007/s00604-012-
0853-y. 
4 Y. Song, J. Yang, X. Shi, H. Jiang, Y. Wu, R. Peng, J. Wang, N. Gong, X. Pan, Y. Sun, and D. Li, 
"DC dielectrophoresis separation of marine algae and particles in a microfluidic chip", Science China 
– Chemistry, 55(2012) 524-530. 
5 Hai Jiang, Xuan Weng, Chan Hee Chon, Xudong Wu and Dongqing Li, A microfluidic chip for 
blood plasma separation using electro-osmotic flow (EOF) control. Journal of Micromechanics and 
Microengineering, 2011, 21 (8): 085019. 
6 Hai Jiang, Xuan Weng and Dongqing Li, “Microfluidic Whole-blood Immunoassays”, 
Microfluidics and Nanofluidics, 10 (2011) 941-964. 
7 Xuan Weng, Hai Jiang, Junsheng Wang,Shu Chen, Honghe CaoandDongqing Li. Automatic on-
chip RNA-DNA hybridization assay with integrated phase change microvalves. Journal of 
Micromechanics and Microengineering, 2011, 22: 075003. 
8 Xuan Weng, Hai Jiang, Chan Hee Chon, Shu Chen, Honghe Cao, Dongqing Li. An RNA-DNA 
Hybridization Assay Chip with Electrokinetically Controlled Oil Droplet Valves for 
Sequential Microfluidic Operations. Journal of Biotechnology, 2011, 155 (3): 330-337. 
9 Xuan Weng, Hai Jiang, Dongqing Li. Microfluidic DNA hybridization asssay. Microfluidics and 
Nanofluidics, 2011, DOI: 10.1007/s10404-011-0858-6. 
10 Hai Jiang, Yasaman Daghighi, Chan hee Chon and Dongqing Li, “Concentration of molecules in 
a simple microfluidic chip”, J. Colloid Interface Sci., 347 (2010) 324–331. 
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11 Xuan Weng, Chan Hee Chon, Hai Jiang and Dongqing Li. Rapid detection of formaldehyde 
concentration in food on a polydimethylsiloxane (PDMS) microfluidic chip. Food Chemistry, 2009, 
114: 1079–1082. 
12 Hai Jiang, Xiaolin Zheng. System for Measuring Red Blood Cell Deformability Base on MEMS. 
China Medical Device information. 2006, 12(12): 28-31 
 Book chapter 
Hai Jiang and Dongqing Li. "Microfluidic whole-blood immunoassays", Encyclopedia of Micro- and 
Nanofluidics, Springer (accepted) 
6.3 Suggestions for future work 
From this thesis, the novel concept is found a promising way in the development of the portable 
microfluidic flow cytometer. The research will be continued to find out how this microfluidic system 
can be applied in biomedical diagnosis. More specifically, in the technological perspective, it needs to 
study the optimization design of the electrokinetics-based microfluidic system and make the 
integration design; in the application perspective, this microfluidic system could be taken as a general 
platform for biological detection to find out more applications for this microfluidic system. Based on 
the results obtained in this study, future research will be focused on the following aspects: 
1) From the technology point of view, optimization design will be studied to improve the 
throughput of particle/cell the current microfluidic system. According to the current 
experimental result, we can count several hundred particles, which may not meet the 
requirement of the real application. Chip layout, flow field, electrical field, concentration 
field will be continuously studied to improve the performance of the microfluidic chip.  
2) From the application point of view, the microfluidic system presented in this study must be 
used for the real applications. Actually, we have done some experiments for the biological 
cells. However, as a general platform, many other biomedical assays could be achieved by 
simply modifying the design of the microfluidic chip. The collaboration with the biological 
department or hospital is the best way for realizing the real application. 
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